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Section 1 -I

EXECUTIVE SUMMARY AND RECOMMENDATIONS

1.1 BACKGROUND

The understanding and model validation of electron beam (e-beam)

pumped XeC1 kinetics has lagged that of the other excimers, primarily '

because of the lack of appropriate data with which to check the models.

The goal of this program was to measure fundamental quantities in e-beam

excited XeCl mixtures and use this data to help improve and validate

existing codes. As an added benefit, some data was also obtained in XeF

and KrF laser mixtures in parallel programs. This data, whose collection

was not part of the oriinal statement of work for this program, has proven

very valuable in elucidating the differences between XeCl and the other

excimers.

The work performed during this program resulted in a number of papers A

being written, some of which have been published in scientific journals and

' others that are still being reviewed. Since these papers describe the

experiments, data, and analysis in great detail, the bulk of this final

report are reprints of these papers. They are contained in the appendix

after this section. The remainder of this section summarizes the

accomplishments of this program and ends with a discussion of the

consequences of the work and recommendations for additional experiments.

1.2 PROGRAM ACCOMPLISHMENTS

During this program the following tasks were successfully completed:

1) The electron beam for the Tahoma laser, used during all the %

measurements, was upgraded to enable I #s e-beam pulse durations and

e iergy loadings )100 J/. The long e-beam pulse length is important

1-1
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for measuring certain kinetics phenomenon such as halogen depletion.

2) Time-dependent electron densities ifnXeCl 4eFn and KrF were measured

as a function of initial halogen and minor rare gas concentrations.

The most noteworthy result of these measurements is that the electron

density is higher than was expected.

3) Depletion of the HCl halogen donor in XeCl was measured after
termination of the e-beam pulse. Although not a time-dependent

measurement, the results demonstrate that a considerable amount of

halogen is depleted during the e-beam pulse. This depletion is also

higher than expected.

4) Time-dependent xenon excited state densities in XeCl and XeF were
measured as a function of initial halogen concentration and e-beam

pulse duration. The xenon excited state density behaves in several

unexpected ways that are described in the papers.

5) The XeCl computer model was upgraded and compared with the experimental

data. In particular, it was determined that careful calculation of the

electron energy distribution is necessary in order to predict the

observed electron density behavior. The code comes close to predicting

the measured electron density, xenon excited state density, and HCl

depletion; however, best agreement between the code and the data occurs

only when additional HC1 depletion is included above what the model

predicts. K.

As a result of this work, the following papers were written and are

located in the appendix of this report:

pNap%

1. W.D. Kimura, D.R. Guyer, S.E. Moody, J.F. Seamans, and D.H. Ford,

"Electron Density Measurements in Electron-Beam Pumped XeCl Laser

Mixtures,' Appl. Phys. Lett., 49, 1569 (1986). .'0

•%
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2. W.D. Kimura, D.R. Guyer, S.E. Moody, J.F. Seamans, and D.H. Ford,

"Electron Density Measurements in Electron-Beam Pumped XeF and KrF

Laser Mixtures," Appl. Phys. Lett., 50, 60 (1987).

3. D.R. Guyer, W.D. Kimura, and S.E. Moody, "HC1 Burnup and Electron

Densities in E-Beam Pumped XeC1," in Proceedings of the International .

Conference on Lasers '86, R.W. McMillan, Editor (STS Press, McLean,

1987), pp. 589-593. "

4. F. Kannari and W.D. Kimura, "Kinetics Issues of Electron Beam Pumped

KrF Lasers," in Proceedings of the International Conference on Lasers

'86, R.W. McMillan, Editor (STS Press, McLean, 1987), pp. 446-452.

5. F. Kannari, W.D. Kimura, J.F. Seamans, and D.R. Guyer, "Xenon Excited -'.

State Density Measurements in Electron-Beam Pumped XeCl Laser " S

Mixtures,' AppI. Phys. Lett., 51, 1986 (1987).

6. F. Kannari, W.D. Kimura, J.F. Seamans, and D.R. Guyer, "Xenon Excited

State Densities in Electron-Beam Pumped XeCl and XeF,' submitted to

Journal of Applied Physics.
A _N

7. F. Kannari and W.D. Kimura, "High-Energy Electron Distribution in

Electron-Beam Excited Ar/Kr and Ne/Xe Mixtures," to be published in

Journal of Applied Physics, April 15, 1988.

8. F. Kannari and W.D. Kimura, "Low-Energy Electron Distribution in

Electron-Beam Excited XeCl Laser Mixtures," submitted to Journal of

Applied Physics. ...-

_0

9. W.D. Kimura, F. Kannari, J.F. Seamans, and D.R. Guyer, "Diagnostic

Techniques for Studying Excimer Laser Kinetics," Excimer Laser

Technology and Advanced Scientific Applications, R. Sauerbrey and

J.H. Tillotson, Editors, to be published in Proceedings of SPIE.
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Besides the preceding publications, the following papers were -6

presented at various conferences during this program:

1. W.D. Kimura, D.R. Guyer, S.E. Moody, J.F. Seamans, and D.H. Ford,

'Electron Density Measurements of XeCl, XeF, and KrF Laser Mixtures,"

39th Gaseous Electronics Conference, Madison, WI, Oct. 7-10, 1986,

Paper N-1.

2. E.T. Salesky and W.D. Kimura, "Model Comparisons of Electron Density _

Measurements in KrF, XeF, and XeCl,w 39th Gaseous Electronics

Conference, Madison, WI, Oct. 7-10, 1986, Paper N-2.

3. D.R. Guyer, W.D. Kimura, and S.E. Moody, "HC1 Burnup and Electron

Densities in E-Beam Pumped XeCl," International Conference on Lasers

'86, Orlando, FL, Nov. 3-7, 1986, Paper HF.8.

4. F. Kannari, S.E. Moody, and W.D. Kimura, "Kinetics Issues of Electron

Beam Pumped KrF Lasers," International Conference on Lasers '86,

Orlando, FL, Nov. 3-7, 1986, Paper WK.7.

5. E.T. Salesky, W.D. Kimura, and F. Kannari, "The Role of Electron

Dissociative Attachment and Impact Dissociation of HCl in XeCl Lasers,"

Conference on Lasers and Electro-Optics (CLEO), Baltimore, MD, Apr. 27- ...

May 1, 1987, Paper WR4.

6. D.R. Guyer, F. Kannari, W.D. Kimura, and S.E. Moody, "Implications of

Recent Kinetics Measurements in XeCl,' Atomic, Molecular, and Optical

Physics Meeting of the American Physical Society, Cambridge, MA, May

18-20, 1987, poster paper. ". i

7. F. Kannari, J.F. Seamans, D.R. Guyer, and W.D. Kimura, "Xenon Excited

State Density Measurements in XeCl," International Conference on Lasers

'87, Lake Tahoe, NV, Dec. 7-11, 1987, Paper HK.3. 
%
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8. W.D. Kimura, F. Kannari, J.F. Seamans, and D.R. Guyer, 'Diagnostic -

Techniques for Studying Excimer Laser Kinetics,' O-E/LASE '88, Excimer

Laser Technology and Advanced Scientific Applications, Los Angeles, CA,

Jan. 10-15, 1988, Paper 894-09.

-7.9. W.D. Kimura, F. Kannari, and J.J. Ewing, 'Recent Developments in

Understanding E-Beam Pumped XeCl Lasers,* Conference on Lasers and

Electro-Optics (CLEO), Anaheim, CA, Apr. 25-29, 1988, Paper Tul"l.

Spectra Technology also participated in the Workshop on XeCl Kinetics

held December 19, 1985 at SRI International.

1.8 DISCUSSION AND RECOMMENDATIONS

'As a result of the measurements performed during this program and the

refinements made to the computer model, our understanding of' XeCl kinetics

has increased dramatically. Qualitatively, one might state that our .'

understanding of XeCl is now comparable to the other major excimers.

Much of the mystery associated with the XeCl kinetics has been

lifted. For example, significant vibrational excitation of HCl appears to

be occurring as indirectly indicated by the behavior of the electron

density. The exact character of the electron energy distribution and its

affect on the kinetics is now better understood. The distribution is not

" entirely Maxwellian, as was generally assumed by models before this work.

Instead, only the low energy distribution (the distribution below the

ionization energy of xenon) is Maxwellian; the high energy distribution is

non-Maxwellian. The problems with assuming a Maxwellian distribution can

be avoided by using a Boltzmann solution for the electron energy .

distribution; however, we have found that the high and low energy parts of

the distribution can be solved separately, thereby simplifying the

calculation process.

."% %9
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As with any research investigation, occasionally one finds new -

mysteries. In our case, the data all indicate that more HC1 is being lost

than can be predicted by the model. Put another way, the model predicts

quite well the time-dependent electron and xenon excited state density

behaviors, and the total HCL depletion, but only when additional HCI

destruction to neutrals is artificially included in the model. Depletion

of HCl through dissociative attachment and impact dissociation is already

in the model; hence, this additional destruction channel corresponds to a -"-

process still unknown. It is important to understand this HCl loss channel S

because scaling of these lasers to long pulse lengths directly depends on

the HC1 burnup rate. Ne

In light of this new mystery, one recommendation regarding further -

work in this area are experiments to determine how the additional HCl is

being lost. Time-dependent measurements of the HOl(v = 0, 1, and 2)
k

concentrations during the e-beam pulse are needed. Performing these .

measurements as a function of buffer gas may also provide clues regarding 0

the role of neon and xenon is this process.

As another recommendation, it was identified during the Workshop on

XeCl Kinetics that measurements of the electron density and temperature are

critically needed. The electron density has now been measured; to measure

the electron temperature is much more difficult. However, with the ability -.

to measure the electron density, it may be possible to determine the

electron temperature by measuring phenomena that are dependent on both

electron density and temperature. For example, free-free absorption by

inverse bremsstrahlung is a function of the electron velocity
distribution. This distribution is dependent on the electron density and

temperature; knowing the density, one can deduce the temperature.

Ultimately, the interest is in improving the performance of XeCl

lasers, in particular, scaling them to longer pulse lengths. As mentioned

earlier, control of halogen depletion is crucial for achieving long pulse

lengths. Therefore, as a final recommendation, either experiments and/or

1-6
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tests of the model should be performed to investigate methods for reducing -6
the total ECI depletion.
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Electron density measurements of electron beam pumped XeCI laser
mixtures

W. D. Kimura, Dean R. Guyer, S. E. Moody, J. F. Seamans, and D. H. Ford
'ipectra Jo'hnohnzr. Inlorporalh'd. 2755 .\orthup WaYu. Bele'iie, Washiniioti 9800)4

(Received 2 Scpternber 1986: accepted for publication 13 October 1996) -

rink dependt nt electron densit . measurement,; of electron beam pumped XeCI laser Mixtures
nonilasing ) are performed using a CO-, ( 10.0 pmni) quadrature interferometer ile electron

be~am pulse length is z5W0 ns (full width at half-maximum) anid deliver% ! 10 A/cm 'at the
k ftoil. Electron densities are measured as a function of the halogen ( HCI) anid xenon

concentration. For at 98. 3%Ne/l.S5' Xe/0. 16%', 1C0 mixture at 3(X) Torr. the electron
density peaks near the beginning of the pulse at z7 -~ 101- cm ', decreases to 3 '. 10' cm -

then gradually increases to z 6 , 10' cm iat the end of the pulse. As the initial halogen

concentration is reduced. the eleciron densitv mecreass iigdaaial near th idi f h
pulse. This increase in the electron density later inl the pulse is accompanied by at decrease (it'
the XeC* sidelight fluorescence.

Ini electron beamt c-beami) pumped excimer lasers, the measured using a CO, 1( l)/ini) quadrature interferometer
priniaro driving miechanism is (,-beam generation of ions, in which thle e-beam pumped gas chamber is located in one

Ie01 xcited states, and secondary electrons. The secondaries are arm of the interferometer. This gas chambher is par-, of the
in' ols%0ld xs ith thle excirner to0rmai ion through mnany different Tahoma laser systei The laser nlirrors hase heen rermsed
channels.' Electrons, are also important with regard to and thle fused silica window s onl the chamber replaced " ith

I 'r %
quenchiing of' thle excimier molecule and of' excited states fBaF, w indows. The CO laser beam has a diamieter of z I cmn 0.P
leading2 to the excimer trniation. Due to thle goxerning role within the laser chamber. As is snownr in Fig. 1, tile beam \
of electroni, iii the kiiietic,, ot'exclinier lasers, there is at great passes twice through the chamber approximately 3 cm fromt
decal of iterest in deteriniiing the mnagnitode and temporal the foil anid centered around the nominal lasing axis. Liquid-
hhla% or ot the electron densit\ iii these de'.ices, nit rogen -cooled HgCd~c detectors, with 1.5 mm - ).5 ram

IVhere hake beeni some measurements, of thle electron active areas. monlitor the transmitted eiiergy in the probe
dcnisii\ in dischar e excinier lasers, anid in e-heam pumped and reference beams.

1A pure rare gases. These mecasurenteilts cannot be easily ap- Quadrature detection offers several advantages, over .

plied to ,*heam pu rupe)d iareca hal ide mixtures due to thle conventional interferomretr. T he primary adv antage is the
diffierent Io in ping 1CImeclii sis s' hich exist in discharge la- elimination of ambiguous interpretation of the detector sig,-
secrs aiid the i mportanee of elect ron at tachmettti. RecentlN. nals when either passes through anl ext rem timr. This is be-

1t e e l e c t r o n d c n s i t i n ( - ea m p u m pl- e d A r / IC I a n d A r / , C a is e W h e n o n e d e t e c t o i s a t n xtr e m U . t h e o t h e r d te c -
mixi tires, has heen determiined)'Il his, let ter presents t he first tor wAill be at its maximumi differential Ncsrmmiioit\ and

illa. re ei s 'iclect roi d n-,itis in c-bewam pin I1ped NC I provides enough intform at ion to determ ine the sign of the Z
,a,, mlixtures, phase shift. The output from tile detectors is recorded onl at

A., shlo~ n xceiiat ieall. i n I-ie' I, t he elect ron density is dual-beam oscilloscope for later analasms.

V
LASER .

TAHOMA .0' DETECTOR V
LASER % OAIE .P

CHAMBER POLARIZER DETECTO I s~,htm,u1, 'dc~ i:i o

'CAT'S EY E l/4 G e
RETRO- PLATE BEAM
REFLECTOR SPLUTTER 6

ELECTRON 'CAT'S EYE'

BEAM RETRO-

1569 Au.jli Dl~vs _w!t 49,'23, P1 t, 4!6C 9W' 0 5~ 1p Gc. 1 jii 6 .19 f,3 Ai ol~r , ,'i 0F>
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1 i =G 2 1 /0)'l Zl11 -,1- i( I n- ,-- siIn n allthe gas ntpilures. the hae donor is %511 and the

* whre 
1

, s te pasm frquecy ad wis he ptial re- di e iseneo. Total ga pressures areX zor 13 Thi J
arcnc .w Sinco, h c .. a n rer~nic cr-- a 3.1 l(VL whee ses anie ins iti a ampertud dcis ing prods of depsiin % e0.

is he lecronchage.in s te eectronmas, ad i, i eth eintro c gs i croiatges 15(1ke~r it dc s no app cni ithl

*~ ~ ~ ~ ~ ~ ~ ~ ~ ~~~~~~~~afc tlheo estiicm' eidxcag uet lc o b aicmured usin a preulssurhe lrst unccriqe I hei
deTye isne, of51) rercto of ,I Tey io-be diamenin c-btedaaI- sce sesb ah carhn felt, x codthodemt () kV dete

are~~~~o aml0ir cm 35 Mcm (th We beamat tile bafiedit dow tohlhte 3 Apa urn

lase plsma s 235 7 cm Theefoe, ashit ofone resltsfor aosnitial HI ehaoentratons I he d tehon
whfrine on our pastma fucrpnto an e)ile ropenital f dicentl i nen Tostalt atv prssr 5 , I(.A normalized tpia -

* c , . Sic 3)0 -. t47( Mi ' be 1S-10n hr am,, crrtenitia eshpert e is aw at th bttmrofe fig- -

Infrar ce ite hreometry toheue electron densiis tise ure Duinh e ga Ist50u aprifial the O-heaml puls.1%the electroN
a ellro eabl ise tehique hoesr spe n\cal cae was etken deit. rndisesured uhi grdual dieecases. s iTite ~

toe elimmnate5pomsible rors beam the measuremedont Thalec onf decr A ease deprendetoteiiil aoe ocn

tlsre plaea onsiderabcle ditanefe it sift of fomte trasut, or Sinet ios iat i a tC cnent rateconsantsl for-
lasne chmbur sytmcrepdoa elmcnate detect on of inrrd msio (' trais drmsaticlly a~t h1 ) irtona ~ cttionl 4- .f

fro th 3.0CI 10 mtr.Taesosscrtaes thheef this bueht can he tibue lak t te prodtton of ig-
nfr armefd interfero ytmea lce oesure dnstat no, ure -(During the pump 50ing otess -r puse tihe lseroi-n

aw stcuringed tocnqe abortot or. saeienl creact isens sit aries between 3hand 7rcul deceae, ckit tie
toeliminate iossube eof s ifrathe indueexhnes cauedtby Aurprisinresul ispndth magntue of thaen cton den-!o
trsoarepce ocin neabte probane is as eIemgli ha be~mtie straoitic touhe~ 3 4 ~ties lagthant thate preditant hs ao
loser byr ohers'iad detectiedno o nraed emsignitcsitn HOipcteasnie des etaloe a.th Spetratoa 1choiato . In%
probl te ThIisxgre wthorsots ir stnakein wthath fref- [his bha ao iijicl bt itprtaltC inplc otls srI~oic of' s ich

shfts caussedn bys ica r dytratetid. sucn the io los oftina lure discussed 3lseis her 5'' and0 101- Hil e eleitrn dee.
la ccringdes contbsribtn fracanietio oefra friiec, INre elce n 0

xfet." Tisenof rf at mostN Ca ne Ca - lheA suprsinig re'lt is the rihottl iade icI e e t onia den1-.
reocshf Iiado tring sortie d t e psroe t ae n It ii biie ct .i itsfu t\ rag fro lite, arger tha t1.1 p'; renicted eh\c S
coielded ssentlly detal estseasied ni t ei iiiftan Re- t On cleiit roelts itis loear iliy petr Ycc1t(21 concr. %

actonse ieTiaree- wsit it he ttITur can1 eilalo iidhcati iii-c tItI],sa o piilerf tCii s seh ti ili', 1c otttations. c t'\ he
dcift cauge ht eci tanssiti n,, c s' h st n~t t he x o' i elec I t ron LI sdesit k yrahese s cry h i densitie ei inine er e.

ji eo ie,'contribute.ol fato oafrtimosht Ih rt urn toa ,ril is hiichi impli loss o (1 l floa adC increse electron

ofha tctio ourigna sithitia ei mire cAoIds iit ll trIll- t ins dono phefect cati b,%e see moreaiIfC cicei rat inst lie3 \

1570 Api Phys Lett Vioi 49 N )'3 8) '1i- "'-'~.a.. 0

%p



120 D . F. Kroeker, 1. E. Kenyon, and J. W. Evenson for their
assistance during these measurements. This work was sup-

0 5%1 ported by the Office of Naval Research, contract No.

15~ / 0% NOO0l4-85-C-0843. N
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Electron density measurements of electron-beam-pumped XeF and KrF laser
mixtures

W. D Kimura. Dean R Guyer. S E Moody, J. F. Seamans, and D. H. Ford
c 'p traz I , . I( / )l r n~jtd. W a'5 .i* orllI ;p (" . BWu/'iut. 1 uz, t ton 981X)4

SRccc'.ed 2 S .phember l1t1h axcepted for publication 10 November 1986) -

A CO. quadrature interferometer is used to measure the temporal evolution of the electron
density in XeF and KrF electron-beam-i umped laser mixtures (nonlasing). Measurements are
obtained using a 300-kV electron beam which delivers > 10 A/cm2 at the foil for pulse
durations , 650 ns (FWHM). For typical XeF mixtures (99.35% Ne/0.5% Xe/0.15% F, at
2888 Torr) the electron density vaiies between 3 and 4.5 x 10' cm - 'during the pulse. The
electron density is found to increase as the initial F, concentration is decreased. Both 10% Kr
in argon diluent and argon-free KrF mixtures are tested. The electron density for these
mixtures has the same magnitude and behavior as the typical XeF mixture.

Several computer models of electron-beam (e-beam)- cal trace of the excimer sidelight fluorescence for the 0.15%
pumped XeF and KrF lasers exist. " All the models rely on F, XeF mixture (the same trace is also representative of the
verification using experimental data on the laser perfor- KrF* sidelight fluorescence for the data given in Fig. 3). The
mance, for example, the laser output flux and efficiency. The top of Fig. 3 gives a normalized typical pulse shape of the e-
models have been very useful in improving the understand- beam current. The e-beam pulse length does vary slightly

N ing of the complex plasma chemistry which occurs in these shot to shot; some of the data curves (e.g., the 0.15% and
lasers. One key area is the role of the primary and secondary 0.20% F2 mixtures in Fig. 1) represent data for pulse lengths
electrons which are very important in the formation of the shorter than shown in Fig. 2 and the top of Fig. 3.
excimers, both through ionic and metastable channels' and As seen in Fig. 1, as the initial halogen concentration is
in quenching of excited states." Despite the importance of reduced, the electron density tends to increase more rapidly
the electrons, none of the codes has been validated with re- towards the end of the pulse. This is not surprising, since as
gard to their predictions of the electron densities, primarily the F, is depleted (burned up), due to the dissociative at-
because of the lack of experimental data. tachment with electrons, less F. is available to control the

This letter reports the first measurements of electron electron density. Without the attacher, the electron density
densities in e-beam-pumped XeF and KrF (10% Kr and appears to approach the higher densities found in e-beam-
argon-free) laser mixtures under nonlasing conditions. Elec- pumped pure rare gas mixtures. '" Dissociative recombina-
tron density measurements have been previously reported in tion of the electrons with dimer ions does not help control
discharge pumped XeCI75' and XeF; and, recently, the elec- the electron density because the dimer ion number density
tron density in e-beam-pumped Ar/F and Ar/HCI has been tends to be too small 2 . for the conditions of this experiment.
measured."' '' An earlier letter' 2 gives the electron density The rapid increase in the electron density as the halogen is
results for e-beam-pumped XeCI laser mixtures. depleted has been predicted in e-beam sustained discharge

The experimental system is described in more detail models,4 but the increase tends to be at least an order of
elsewhere.' 2 Briefly, the gas chamber of the Tahoma laser %

system' is placed in one arm ofa CO2 (10.6pm) quadrature 20

interferometer.' The electron density is determined from Neo 5% Xe•F2

the refractive index change of the plasma due to the presence
of free electrons. In this particular experiment, one fringe I? [0

shift corresponds to an electron density of 3.0 x 10'" cm ' 15]

The electron beam source is a carbon felt, cold cathode o

at 300 kV with a peak emission current of z:23 kA. The .. ,

current density at the foil (0.13 mm aluminized Kapton) is V 10z /

10 A/cm2. A pressure rise technique' is used to calibrate 0 010% " .

the power deposition in the gas mixtures. In the XeF gas Z / -

mixtures, the deposition is z 180 kW/cm'. In the KrF gas .

mixtures, the deposition is kept constant at . 120 kW/cm' W " 0 ,% \ .-

by adjusting the total pressure of the gas mixtures to com- -'

pensate for the different electron stopping powers of Ar and
Kr. All measurements are performed at 294 K. 00 26 400 •

Figure 1 shows typical time-dependent electron density TIME 4NSEC) V.

results for XeF as a function of the F2 concentration. The FIG. 1. TypicalelectrondensitiesofXeFmixtures (0.504c Xe. balanceNeto

XeF mixture is 0.5% Xe in Ne diluent to a total gas pressure 2888 Torr) for various initial F. concentrations. Data points are not ,hown;
of 2888 Torr. For reference, Fig. 2 shows a normalized typi- however, a representatie error bar is indicated
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FIG. 2. Normalized %aveform of typical XeF* and KrP sidelight fluores- ZW
cence emission for the data given ii Figs I and 3 4

z
02 -

magnitude larger than the results in Fig. I. Since the mecha- L,, 99 4% o F2

nism for electron population growth in discharge lasers 0 200 400 600 800

(metastable ionization leading to electron avalanche and TIME (NSEC) %

arcing) is very different from that in e-beam-pumped sys- FIG 4 'pitcal electron densities of KrF mixtures (X95r' Ar/I";- Kr/ ,terns, care must be taken when comparing the two pumping 0.5,7, F, at 10o7"Torr. and 99 4c Kr/O 6 c F, at 6565 forr)T Jhe top trace isr

schemes, the normahzed e-beam current pulse. Data points are not ,,hov~n. hov~e'er,

From past experience " on the Tahoma laser device, for a rcpresentatve error har is indicated.
these pulse lengths, the optimum laser performance on XeF
occurs at F, concentrations of 0.10-0.15%. At higher F, cm and in the Kr/F. mixture to 4 Torr ( 1.3,N 10"

concentrations, although the electron density may decrease, cm ). At this higher F, concentration, the electron density

there is a significant increase in F. quenching and F, absorp- for the Ar/Kr/F, mixture does not increase after 300 ns as

tion which reduces the laser efficiency. The electron density seen in Fig. 3, but remains essentially constant. On the other X

profiles in Fig. I do not display a peak in the density at the hand, the Kr/F, mixture still displays a gradual increase in IP

beginningof the pulseasis seenintheXeC I ' the electron density towards the end of the pulse. Although

The electron density results for the KrF mixtures are the initial F, concentration in the Kr/F, mixture is slightly %

given in Fig. 3. The mixtures are 89.7% Ar/IO% Kr/0.27% less than in the Ar/Kr/F, mixture, this tendency for the .

F. at 1007 Torr, and 99.6% Kr/0.4% F. at 665 Torr. For electron density to be higher in the Kr/F, mixtures is consis-

both mixtures, the F, partial pressure is 2.7 Torr, corre- tent with model predictions2 and long pulse extraction mea-

sponding to a density of 8.9 x lO" cm '. The electron den- surements.S Kr' is formed more efficiently in Kr/F than * -
sity behavior is very similar between the two KrF mixtures. Ar' is in Ar/Kr/F, " which means more electrons are -.

The slight increase in density towards the end of the pulse is freed per unit of power deposition. Higher gas heating effects

apparently due to F, burn-up, in the Kr/F, mixtures also slightly increase the dissociative ,

To investigate the effects of high-energy loading, mea- attachment rate constant of F., " which leads to a faster de- 0

surements are performed on the 10% Kr and Kr/F, mix- pletion of the halogen fuel and an increase in the electron

tures for e-beam pulse lengths of 650 ns (FWHM). The re- density.

sults are depicted in Fig. 4. The F, concentration has been The KrF mixtures given in Figs. 3 and 4 represent opti- e
increased in the 10% Kr mixture to 5 Torr (1.6x<10" mum mixtures on the Tahoma laser. For the optimum XeF ,

and KrF laser mixtures, the electron density varies between

3and4.5x 10lcm '.The density can be estimated analyti- %

-
cally from the expression

- P(e W,)

0 5 k (1) N

F-BEAU CURRENT where n,. is the electron density. P, is the input power deposi- %
tion. (eW, ) is the energy loss per ion pair produced,2 ) k, is

'4 -- the F, attachment rate constant, and [ F, I is the F, number "
*'

density. Using a typical F, attachment rate constant of Ab 11I
S2 ,2 x 10 " cmi/s,." and values for (e W) of 36 and 26 eV for .

89 7% Af/ 10% Kr;O 27% F2  -1 % %

Ne and Ar, respectively," we find that electron densities of .-V .

4 1-2 X 10 t4 cm ' are predicted which are 2-3 times smaller :.
than measured.

m . , Although Eq. ( 1 ) may predict lower electron densities,
So, preliminary comparisons: with a computer model2 yield

- 0 200 400 600 good agreement in overall magnitude and temporal behavior .
TIME (NSEC) with the data. The model uses a time-dependent Boltzmann ,

FIG, 3. Typical electron densities of KrF mixtures (89.7% Ar/l0'7 Kr/ equation solution22 and indicates that the secondary electron ,
0.27% F, at 1007 Torr, and 99.617, Kr/0.4% F, at t65,Torr) The top trace n .%q

is the normalized e-beam current pulse. Data points are not shown; how- energy distribution is significantly non-Maxwellian for the k 4
ever, a representative error bar is indicated pump conditions of this experiment. It also predicts that the
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F, dissociative attachment rate constant is lower tnan that "D. W. Trainor. J. H. Jacob. and M 'ekni. J. Chem. Ph)%. 72. 3646

assumed in Eq. ( I ), which leads to higher electron densities. 0
1 E. Ford, J Meyer, and H Houtman, Appl. Phys. Lett 48. 1639 (1986)

The reasons the electron distribution is non-Maxwellian 'R C. Hollin,. D. L. Jordan, and J Couns. I Phys. D 39, 37 1986) :; _o
are complex because the distribution is affected by a variety '. F Frnichtenicht, K R Chien, J. Betts, and R. Stenzel. "Discharge Ex-
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KINETICS ISSUES OF ELECTRON BEAM PUMPED KrF LASERS

F. Kannari and W. D. Kimura

Spectra Technology, Inc.

2755 Northup Way -

Bellevue, WA 98004

Abstract

Two separate topics are discussed in this paper. The first examines the kinetic
processes associated with the secondary electrons in electron-beam excited rare-gas halide

lasers. The results of experimental measurements of the secondary electron density in KrF
laser mixtures suggest that the assumption of a Maxwellian electron energy distribution,

used in some computer models, may not be valid under certain circumstances. Calculations
of the high energy distribution of the secondary electrons produced by the electron beam

also predict a non-Maxwellian distribution. Moreover, the calculated W-values
[eV/electron-ion pair] and yields of rare gas metastables show a dependence on the laser

mixture composition. The second topic of this paper deals with time-resolved calculations

of multiplexed short-pulse amplification in KrF. The calculations include nonsaturable and
saturable absorption, amplified spontaneous emission effects, and end mirrors for a double

pass amplification arrangement. It is found that a train of short pulses, with a short
S time interval between the pulses, can extract energy from the gain media with little cost

to extraction efficiency and is comparable to the performance of a contiguous train of
short pulses. This suggests that a novel, simpler angular-multiplexing system can be

~ designed for high energy, short pulse KrF laser systems.

Introduction

Efforts are currently in progress to scale up electron-beam (e-beam) pumped KrF laser to
multi-lO kJ levels, to serve as drivers in advanced inertial confinement fusion. 1 Kinetics

models of the KrF laser are very important tools for predicting the output performances of
such systems. However, there are several important kinetics issues, which affect the basic

design of these models, that are still not well understood. Some of these issues are: 1)

The secondary electron energy distribution; 2) the yields of primary ionization and
excitation; 3) vibrational relaxation in KrF*(B) and (C) states; 4) mixing between KrF*(B)
and (C); 5) Kr F* formation channels in atmospheric pressure laser mixtures; 6)

nonsaturable absorptions; 7) the temperature dependences of the absorbers; and 8)

photoassociative KrF* formation. Further development of the models requires additional
fundamental kinetics measurements, such as measurements of the secondary electron density

and the electron mean temperature, the fluorescence yield of the KrF*(C) state,

time-resolved saturated absorption at various gas temperatures, and so on.

One of these measurements, the secondary electron density, has been measured

recently. 2 - 3 The results for e-beam pumped KrF laser mixtures 2 indicate that the density %
is significantly higher than that calculated by some models. This seems to imply that the
treatment of the secondary electron processes, which generally has assumed a Maxwellian

distribution for the electron energy distribution, is invalid. In light of these

measurements, the first half of this paper examines the importance of the secondary S
electron processes with regard to the kinetics models. Presented are the calculated

',, results of the e-beam source energy distribution in the gas, and new results pertaining to

the W-value (the energy expended per ion produced) and metastable yields in the gas V
mixtures.

The second half of this paper deals with another important topic related to KrF laser &
fusion drivers, and that is multiplexed short pulse amplification. Recent measurements

5

have shown that a train of short pulses, with an appropriate time interval between the
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pulses, can extract the same energy as that by long pulses consisting of a train of
contiguous short pulses without intervening time spaces. This is because of repumping
occurring during the time spaces. This dynamic characteristic of KrF* permits the design
of a novel, simpler multiplexed short pulse amplifier system. By reducing the number of
multiplexed beams needed, while maintaining a similar output energy as the concatenated
multiplexed system, the complexity and cost of the system is reduced. In the latter half -
of this paper, the results of a computer simulation of this amplification concept are
described. Examined are extraction efficiency and amplified spontaneous emission (ASE) .

effects as a function of the time space between the pulses. -

Electron Density Measurements and E-Beam Source Calculation

A CO 2 quadrature interferometer is used to measure the temporal evolution of the
electron density in e-beam pumped KrF laser mixtures. The experimental system has been F

described extensively elsewhere. 2,3 Figure 1 shows the results for mixtures of
89.5% Ar/10% Kr/0.5% F2 at 1007 torr, and 99.4% Kr/0.6% F2 at 665 torr. The pumping pulse
width of the electron beam is M700 ns with an average excitation rate of e120 kW/cm
Measured electron densities are N3 x 1014 cm for both mixtures at early times during the
pumping.

The secondary electron density can be estimated by using the excitation rate, a rate
constant for F2 dissociative attachment, and a W-value. Assuming a secondary electron
temperature of 1 eV and a corresponding attachment rate of 4.5 x 10 - 9 cm3 /sec, which are
the same assumptions used by Trainer and Jacob6 in their paper on the electron quenching of
KrF*, an electron density of 5 x 1013 cm - 3 is calculated. A detailed model calculation,
using a Maxwellian assumption for the energy distribution of secondary electrons in V
conjunction with the energy balance equation, gives an electron density of 1 x 1014 cm 3 .
Hence, the magnitude of the measured electron density is roughly 3 to 6 times larger than
that predicted by the simple analysis and the model calculation.

W 1.0

o 0.5 I

E-BEACURN

0" E-Figure 1. Typical electron densities of
KrF mixtures

U 4E (89.5% Ar/I0% Kr/0.5% F at
2%

1007 torr, and ,% .'

2 -- 99.4% Kr/0.6% F2 at 665y. . ...

897 % Ar/10% K,/0.27% F2  torr). The top trace is the
0e 0\normalized e-beaa current

z pulse.
4 , F -

o 2
"99 6% Kr/O,4% F2UJ 0," V . % .

- 0 200 400 600 .TIME (NSEC) 
6

To understand the reasons for these differences, it is helpful to review the energy flow
channels for the electrons in an e-beam pumped laser mixture. First, the primary electrons
from the e-beam directly produce ions, secondary electrons, and excited molecules. This
process is usually accounted for in the models by using a stopping power constant for the 11

gases. The hot secondary electrons are cooled by collisions with gas molecules and produce
more ions and metastables. This process is usually modeled by using W-values and the yield % '
of metastables relative to the ion formation. W-value is defined as the energy loss per
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electron-ion pair produced, and is generally higher (typically a factor of 2) than the
ionization potential of the atom.

8

The primary electrons from the e-beam and the hot secondary electrons are generally O.
treated collectively as the e-beam source. Because the preceding two processes are very
fast (usually <100 ps for typical e-beam voltages and laser mixtures), the formation of the -*

~ions and metastables by the e-beam source has been treated as an nastantaneous process by
simply using gross macroscopic values for the stopping power constant and W-values.

The cold secondary electrons redistribute their energy through slow electron reactions r
such as dissociative attachment with the halogen, excitation and ionization of metastables,
recombination with positive ions, elastic collisions with neutral gases, superelastic
collisions, and electron-electron collisions. This redistribution can be calculated by
solving the Boltzmann transport equation, as is usually done for discharge pumped lagers.
However, in e-beam pumped models, the distribution of the cooled secondary electrons is

many times either ignored or assumed to be Maxwellian.

To illustrate how non-Maxwellian the electron distributions can become in e-beam pumped
gases, Fig. 2 shows the energy distribution of the e-beam source calculated for a laser
mixture of 380 torr Ar/380 torr Kr. The method used for this calculation is based on that
described by Elliott and Green. The calculations in this paper also include excitation of
the ground state rare-gases, as well as their ionizations.

100k-

10~~~z

102

Z
0 Figure 2. Energy distribution of the '.. .'

10- 3  e-beam source in a mixture of
O 50% Ar/50 Kr at 760 torr. %

0-6 I

0 10 20 30 40 50 60
ENERGY (eV) a'

In Fig. 2, the e-beam source distribution is truncated at a first excitation threshold
of Kr(5s) at 10 eV. Note, the distribution below this first excitation threshold is very %

close to being Maxwellian. However, the distribution above this threshold is no longer -a

Maxwellian. Although the slow electron reactions of the low energy electrons change the
distribution, especially in the low energy part of the distribution below the excitation
threshold, the high energy tail of the distribution remains relatively unchanged as it is a

driven by the e-beam source because the effects of slow electron reactions are negligible
for high energy electrons.

Figure 3 shows how the effective W-value for the Ar ion changes as a function of the Kr S
concentration in an Ar/Kr mixture. The effective W-value is the W-value, calculated from
the total energy deposition, times the fraction of energy deposited in Ar. Also plotted in .d .
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Fig. 3 are the Ar metastable yields, both for individual states and for the total yield,
relative to the ioL formation. It can be seen that the W-value is not a unique constant,
but depends on the mixture composition. The total yield of the metastables is

approximately 0.45, which is much higher than the amount typically used in the models of

0.3. Figure 4 shows the same calculations for Kr in an Ar/Kr mixture.

A Boltzmann code calculation is necessary to calculate the low energy distribution of

the secondary electrons and to obtain accurate rate constants for the secondary electron e
reactions. This is especially true with regard to dissociative attachment by fluorine
molecules, which can affect the low energy part of the electron distribution.1 0  A detailed
Boltzmann calculation for the low-energy electron distribution, in conjunction with a

proper calculation of the e-beam source distribution for the high energy electrons, will
significantly improve the models.

Total Pressure I atm

40 - -40 L u

Total Metastable 30 Figure 4. Plots of the effective

W-values for the Kr ion and
-W 20 yields of Kr metastables

,, K Staes 5 20 e%.%
K relative to the Kr ion 0." *

o, 5P 10 0 formation in Ar/Kr mixtures as N
a function of Kr.
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o 20 40 S0 8 o . .100.
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Multiplexed Short Pulse Amplification rrp
.,,.

This last section of the paper discusses calculations related to short pulse
amplification in e-beam pumped KrF amplifiers. Figure 5 is a schematic comparison of the Wa' a. %

transient gain dynamics of a cw amplifier, which corresponds to the usual concatenated
multiplexed amplifier, and the gain dynamics of a multiplexed short pulse amplifier with e. '.

intervening time periods between pulses. With cw amplification, the gain is depleted and '.F
kept constant during the energy extraction. Hence, the number of beams required for this Z ."a
scheme is simply calculated by dividing the pumping pulse length by the input laser pulse "A
length. The KrF laser medium is not an energy storage one; the lifetime of KrF* is
typically 3 to 5 ns. Therefore, if the input laser pulses to the amplifier are arranged in

a series of short pulses with an appropriate time interval between the pulses, the gain

medium is repumped during the interval, and the following short pulse can see the highly

recovered gain and extract the extra energy stored during the interval. In this scheme,
the number of the beams, Nbeams, needed is calculated using the fcllowing equation. a

(pumping pulse length)
beams =-nterval between pulses) + (input pulse length) [1]
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The gain recovery time is defined by the balance between the pumping and the
deactivation lifetime of KrF*. The gain depletion time, rdelet n, which corresponds to
the time that the input pulse can extract the extra energy, is otained by,

7"'D [2],
depletion +2] -

where TD is the deactivation lifetime of KrF*, 0 is the input beam intensity, and 0s is the
saturation intensity. The pulse length required for laser fusion is comparable to the
deactivation lifetime of KrF*; this means the transient dynamics of the KrF* medium can be
utilized to reduce the number of optics and laser beams.

Multiplexed Short Pulse
CW-Amplifier Amplification - .'

90~~~~ - ---

g loaded- gloaded ,

.t _ _ _ t

Output ____ ___Output

Flux Flux

Figure 5. Schematics of the transient gain dynamics of a cw amplifier and a multiplexed short pulse
amplifier with intervening time periods between pulses.

Model calculations are performed and compared with the results of multiplexed short
pulse experiments reported by Shaw et a!. 5 The code 1 1 used for this calculation contains the full KrF
kinetics, including vibrational relaxation and KrF* (B)/(C) mixing, but not a detailed secondary electron
distribution calculation; however, such a calculation is not necessary when evaluating the performance of
this novel amplification scheme. Time-dependent ASE calculations are also available from the model. The
model results show that a series of 5-ns pulses, with a 7-ns interval between the pulses, can obtain an
energy gain of Z1.7 times larger than that obtained by a series of 12-ns pulses without time intervals. A
peak input intensity of 0.I MW/cm2 is assumed. This is in good agreement with the experimental data. %

Next analyzed is the amplification scheme being considered for the Large Aperture Module (LAM) KrF
amplifier of the Aurora system at Los Alamos National Laboratory (LANL). The gain length is 2 m with 20 ca
unpumped regions at the ends, the excitation rate is 240 kW/cm3 , and the laser mixture is 665 torr Kr/F2._The input pulses to the LAM are amplified by a double pass arrangement. For the case when the two-way jm'"'

propagation time of the laser pulse in the amplifier is longer than the pulse width, the gain depletioncaused by the forward and backward pulses has to be properly distributed in the amplifier model to account I,

for depleted regions of gas in the amplifier. The gain recovery time is dependent on location within the '',

amplifier because when and where the pulses pass through a region of gas depends on the pulse length and
interpulse time interval. The net effect is that the recovery time is generally shorter than the interval

L between the pulses.

. Figure 8 shows a plot of the extraction efficiency and energy gain, with respect to cw amplification, as
a function of the time interval between pulses. For this case, the pulse width of the input pulse is 5 ns.
In these calculations, ASE effects have been neglected. The effects of ASE are calculated separately and are"-.
given later. The extraction efficiency decreases with increasing time interval. At a 5 ns interval, the "
reduction of the efficiency is 20%. However, with a 5 ns interval, the number of beams needed for
multiplexing is 50% of that needed for the normal concatenated multiplexed system, and the energy gain is
three times higher.
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W Figure 6. Plots of extraction efficiency

w and energy gain for ii
W N multiplexed short pulse
a 0. amplification relative to cw %N
UJ amplification. The pulse

0 width of the input laser is
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Figure 7 shows the effects of ASE on the extraction efficiency. In these calculations, the gain length

is shorten to 40 cm to conserve on computation time. However, the gain-length product is the same as the 
2-m

5-ns PULSE WITH 5-ns INTERVAL CONTINUOUS WAVE

z z
U4 WJw Without ASE
0 50 2 50 .,.O Without ASE L. 5.0_

LL L1_

Z Z With ASE

0 0I- I.- .

0 With ASE %

%- X
1W xUW 0 t I__ __ W 0 . .. I_ A __

0 0.2 0.4 0.6 0.8 1.0 0 0.2 0.4 0.6 0.8 1.0

. .b I1n (MW/cm 2 ) 1In (MW/cm)

Figure 7. Decrease of extraction efficiency for multiplexed short pulse amplification and cw amplification

due to the effects of ASE.

device. Since the propagation time in the 40 cm gain length is shorter than the input pulse width of 5 ns,

the gain recovery time is longer than for a 2-m gain length, even with the same input pulse width and

interval. Therefore, Fig. 7 represents a worse case example of the affects of ASE build-up. The ASE

significantly degrades the extraction efficiency for both cw and short pulse amplifications. The percentage

of degradation is about the same if a higher input intensity is assumed during short pulse amplification. '.,

Conclusion "

The results of secondary electron density measurements and e-beam source calculations reveal that the

energy distribution of the secondary electrons in e-beam pumped laser gases is not Maxwellian. Detailed .-

Boltzmann calculations for the low energy electron distribution and detailed calculations of the e-beam a,.-

source for the high energy distribution are essential in order to obtain the correct rate constants for

electron reactions. These calculations are especially important when determining the dissociative attachment

rate constant for F2 and predicting the number density of the secondary electrons.

The transient dynamics of the KrF* gain medium permit a novel multiplex short pulse amplification scheme
to be used, which reduces the number of optics and laser beams needed. Model predictions agree weli with the

Ve."
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experimental results, and demonstrate higher energy gain than the usual concatenated multiplexing schemes.

The extraction efficiency, during the condition that reduces the number of beams by 50%, is approximately 30%
lower than the usual multiplexing scheme This multiplexed short pulse amplification scheme is applicable
even for the amplification of picosecond short pulses.
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HCl BURNUP AND ELECTRON DENSITIES IN E-BEAM PUMPED XeCl V

D. R. Guyer, W. D. Kimura, and S. E. Moody

Spectra Technology, Inc.

2755 Northup Way

Bellevue, Washingtoo 98004

Abstract

Presented are the results of electron density and HCl depletion measurements in

electron-beam excited XeCl laser mixtures. The results are used to infer the importance

of different kinetic processes. %

Introduction %Z:5%

There is a body of experimental evidence suggesting that the achievable energy density S
in e-beam pumped XeCl lasers is limited by cumulative kinetic processes. Several

laboratories have observed limiting efficiencies of the laser output at a threshold of n5

j/Q. There is currently no consensus in the field concerning the mechanisms causing % '

this effect. Interpretation of these observations is difficult since there is little

experimental data on the concentration changes of key species during e-beam excitation.

As part of a continuing program to characterize and understand the reaction kinetics

occurring in these systems, we have performed measurements to determine the time-dependent

: electron density and extent of halogen consumption in e-beam pumped XeCl. This paper %

reports the first measurements of HCI consumption in e-beam pumped XeCl laser mixtures

under non-lasing conditions. The results of the electron density measurements have also

been reported elsewhere.
4 '5  .. *

Experimental Results and Discussion *.*U

* The electron beam source used in both studies is a carbon felt, cold cathode source %

operating at e300 kV and delivers >10 A/cm
2 at the foil. To better characterize the gain

length in the gas mix, the e-beam was baffled down prior to the foil with metal plates. *

Power deposition in the gas is n180 kW/cm* and is measured using a pressure rise

technique. For all gas mixtures presented in this study, the halogen donor is HCl, the

diluent is neon, and the xenon concentration is 1.5%. The total gas pressure is 3000 torr ,.U.-

and the initial temperature 300 K.

Electron Densities

The experimental setup used to determine electron densities is shown schematically in

Fig. 1. The gas chamber of the Tahoma laser system is placed in one arm of a 10.6 #m

quadrature interferometer.
7 The laser mirrors are removed and the fused silica windows

replaced with BaF2 . The CO 2 probe laser passes 53 cm from the foil, centered on the

nominal lasing axis. As the index of refraction of the plasma is proportional to electron

number density, the measured fringe shifts during the pulse directly yield the temporal

changes in the electron density. -

* Figure 2 shows the temporal evolution of electron density for a variety of initial HCi

concentrations. The dashed line at the bottom of the figure depicts a normalized typical-

current wavefo'm. During the first 50 nsec of the pulse, the electron density rises

sharply then gradually decreases. Since the dissociative attachment rate constants for
8

HC1 increase draLatically with vibrational excitation, this behavior can be attributed to

the production of vibrationally-excited HCI during the pumping process.

|N %
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Figure 1. Schematic of the electron density measurement system.
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This initial peak in electron density is also observed in model predictions for e-beam

discharges under these conditions.
9
'
1 0  

The surprising result is the magnitude of the

electron density, whiah is 2-4 times greater than the model predictions. Peak laser
performance on Tahoma, for this pulse duration, is obtained with HCl concentrations of

%0.1%. The reason leaner mixtures do not perform as well is evident from the electron

density results. At lower HCl concentrations, the electron density is found to increase
rapidly at late times during the pulse, implying that the HCI fuel has been exhausted.

Halogen burnup at low HCI concentrations is also evident in the XeCl* sidelight •
fluorescence shown in Fig. 3.

HCI Depletion

The experimental setup is schematically represented in Fig. 4. HCl(v,J) densities are
measured directly by infrared absorption on the first vibrational overtone of v"=0,l, and li
2. All measurements were made on the P(3) rotational transition and rotational

590
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LJ Figure 3. XeCl sidelight fluorescence

Z waveforms for the same
0 mixtures shown in Fig. 2.
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Figure 4. Schematic of the experimental set up for the halogen depletion studies.

equilibration at a final gas temperature of d400 K is assumed. To generate tunable light

around 1.8 #m, the output of a Nd:YAG pumped dye laser was Raman-shifted in a high

pressure H2 cell. The desired Stokes component was isolated and directed through the

nominal active zone of the Tahoma laser chamber. A portion of the probe beam was split

off prior to the chamber for normalization purposes. The transmitted power was measured
with a pyroelectric detector and ratioed to the reference power to yield the relative

amount of absorption.

From measurements with static gas fills of known HCl concentrations, a significant
deviation from a simple exponential absorption was observed. Figure 5 shows the measured
HCI number density as calculated assuming an exponential absorption and using published
overtone absorption cross sections.1 This behavior was reproducible throughout the %%

measurements and is attributed to saturation effects. A polynomial fit to these data

points was made and used to correct the measurements taken during e-beam excitation.

The presence of a strong absorption during the e-beam pulse prevented the time- S
dependent loss rate of HCI from being determined. This absorption is structureless within

our resolution (;0.3 cm I) and was found to be strongest in the absence of I]Cl. This ,

59b
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signal decayed quite rapidly after termination of the e-beam, allowing the residual HCI

density to be measured 2 #sec after the excitation pulse. The identity of this absorbing
species could not be accurately determined, but the lack of spectral structure, the

strength of the absorption, and the short lifetime suggest an assignment 
of Xe2 .

Figure 6 gives the results of the HCI(v=O) depletion measurements. For initial

concentrations below Zo.1% HCI the data show nearly complete removal of the HCI. This is

consistent with the electron density measurements; for these lower HCI concentrations, the

HCI is depleted at some point during the pulse and this absence of an attacher allows the

electron density to increase. At higher initial HCI concentrations, the fractional burnup

does not level off but continues to increase. At the highest initial concentrations

studied (0.20% HCI), the fractional loss of HCI(v=O) is found to be 61-8%. Higher %

vibrational states were observed only at the higher HCI densities. At 0.20% initial HCI,

the population in HCI(v=l) shows a maximum of 2.4% of the HCI added. HCl(v=2) was never

observed, allowing an upper limit of 0.2% to be determined from our noise level for this

transition.

20.,

E100% BURNUP .=.U 15.j

~Figure 6. Measured HCI(v=O) loss after
o Oofiring the electron beam for ,.. J"

10. *°%
°  0o various initial HCI %l %

%o0° %° o~o 0concentrations. The straight ,<°line shows the expected

0behavior for 00, consumption
o ~of the HCI present. % .

0.00 0.05 0. 10 0.15 0.20

% HcI.,

Quantitatively, these results represent a minimum cumulative loss of HCI. Since ther

probe pulse is delayed by 2 j sec, some degree of HCI regeneration will have occurred via
three-body recombination and associative detachment reactions. The residual populations r. '

in HCI(v=I,2) also must be regarded as a minimum since vibrational relaxation by ,.
superelastic collisions with electrons is expected to be significant

Concluding Remarks i,

The kinetic processes, involved in e-beam pumped XeCl lasers, represent a rich

chemistry that at present is still incocpoetely understood. The data presented here show.
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both a significantly higher electron density and a greater HC1 loss than expected from
model predictions for this system. These results suggest that electron associative
detachment cannot, by itself, account for the depletion of HC1 and that other loss
channels must be considered. A likely candidate is direct electron impact dissociation of
HCl leading to neutral atomic products. Further analysis of the data is currently in

progress.
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Xenon excited state density measurements in electron beam pumped XeC.
laser mixtures

F. Kannari, W. D. Kimura, J. F. Seamans, and Dean R. Guyer
Spectra Technolog, Inc.. 2755 Northup Way, Bellevue, Washington 98004-1495

(Received Il August 1987; accepted for publication 12 October 1987)

Time-dependent density measurements of the lowest xenon excited states (5p5 6s) in electron
beam (e-beam) pumped XeCI laser mixtures (nonlasing) are performed using pulsed hook
interferometry. The e-beam pulse length is z0.45 ps (full width at half-maximum) with an
average excitation rate of = 2 50 kW/cm'. Density differences (AN *) of transitions at 823.2
nm (6s[3/21-6p[3/21 2), 828.0 nm (6s[3/21°-6p[ 1/2],), and 840.9 nm (6s[3/2] ° -
6p[ 3/ 2 ],) are obtained for various HCI and Xe concentrations. For a 98.3% Ne/l.5%
Xe/0.16% HCI mixture at 3000 Torr, AN * (823.2 nm) and AN * (828.0 nm) are relatively r
constant at =3 X 1014 and = 1.7x 1014 cm -3 , respectively. At lower initial HCI .'..* ,

concentrations, the AN *(823.2 nm) density starts out similar to the 0.16% HCI case, but tends
to increase dramatically during the e-beam pulse. For a 0.04% HCI mixture, a AN * (840.9 nm)
density of =4 .5x 10" cm-' is measured at the end of the e-beam pulse. Preliminary
comparisons of the data with a computer model show good a-reement for HCI concentrations
)0. 16%, but disagreements at leaner concentrations. r

The formation of XeCI (B 2 + ) in electron beam (e- transition, and K is a constant that can be determined from
beam) pumped lasers has been the topic of considerable de- an undistorted interference pattern. A knowledge of a par-
bate. 1-2 This letter describes, to our knowledge, the first time- ticular transition oscillator strength allows the population
dependent measurements of xenon excited state (Xe*) difference, AN* = N - (g, Igj )Nj, to be determined from
densities in e-beam pumped XeCl mixtures (nonlasing). the hook spectra.
These results together with earlier measurements of the Hook interferometry offers several advantages. It has a %
time-dependent electron density3 and the HCI depletion4 in relatively large dynamic range, the results are insensitive to
XeCl were performed to help improve our understanding line shape perturbations such as pressure broadening, and
and modeling of XeCI formation and laser kinetics. complicated geometrical or detector calibrations are unnec- L

Excited states of xenon are important for the neutral essary.
channel formation of XeCI. The first excited levels of xenon, Figure 2 is an energy-level diagram showing the transi-
Xe*(sps [Ph 16s), have very small XeCl formation rate tions examined during the experiment: 823.2 nm (6s[3/2 1'
constants with vibrational ground-state HCI5 ; however, the - 6p[ 3/ 2 ]z), 828.0nm (6s[3/2J°-6p[ 1/21]), and 840.9 nm %
rate constants increase dramatically with vibrational excita- (6s[3/2]-6p[3/2]). Oscillator strengths for these lines %
tion of HCI.' are 0.23, 0.12, and 0.012, respectively.' The total optical . .'.

The Xe* density is measured using hook interferome- path of the excited laser medium is 70 cm. The value of K in
try7 in which the e-beam pumped laser medium is placed in Eq. (1) is typically z 1.5 X 10'. Thus, on our system a hook
one branch of a laser interferometer (see Fig. I ). An excimer separation of I nm at 823.2 nm corresponds to a AN * density
pumped broadband dye laser output passes twice through of 7 X 10' cm <.

the gas chamber ;z 3 cm from the foil and centered around A typical hook interference pattern is shown in Fig. 3. %
the nominal lasing axis. The output of the interferometer is As can be seen, not all the transitions are well separated from
directed into a spectrometer whose output is an interference one another. In our case, two relatively strong transitions are
pattern that contains "hooks" caused by the anomalous dis- -
persion around atomic absorption lines. Interference pat-
terns are detected by a vidicon camera and recorded on vid-
eotape for later analysis. The e-beam excitation rate is z 250 RECORDER

kW/cm3 , which is higher than during the earlier electron DYE
density measurements.' LASER MONITOR

The wavelength separation A between the hooks in the TAHOMA LASER CHAMBER

interference pattern, centered around a transition wave-
length A,, (where i and j are the lower and upper levels, BEM VIDICON % .%

respectively), is given by7'8 "

( = N, I 1) COMPENSATOj
&/I, roNlK(l

where N, are the population densities, g,j are the statistical %

weights of each level, r, is the classical electron radius, I is the SPECTROMETER % r
length of the medium, f,, is the oscillator strength of the FIG. 1. Schematic of xenon excited state density measurement system
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observed at 826.6 and 822.1 nm near the 828.0 and 823.2 nm
transitions. The transition at 826.6 nm corresnonds to Xe XeF, and Ne/Xe mixtures also suggest significant upper -
(6.s'l 1/2] ','-6p'[ 1/21,). The transition at 822.1 nm (not state densities.' Due to the uncertainty in the upper state
shown in Fig. 3) has not been identified. These lines distort population, all measurements herein are presented as den-
the hook profiles and position on the short wavelength side sity differences (AN *) rather than level densities.
ofthe 828.0 and 823.2 nm transitions, while the effects on the Figure 4 shows typical experimental results obtained at
long wavelength side of the transitions are negligible, the 828.0 and 823.2 nm transitions, for an initial HCI con-

For an isolated transition, the hook separation is sym- centration ofO. 16%. The estimated measurement uncertain-
metric about the transition wavelength. The quadratic Stark ty associated with all the data points presented in this letter is 9
effect can displace the hooks towards long wavelengths, but + 10%. As can be seen, the density differences are relativel,
because the electron density is relatively low' (z 10' constant during the e-beam pumping. ,

cm ), this effect can be ignored. Therefore, (luring analy- Xenon excited states are produced primaril% by recom- ,
sis ofthe data, it is assumed the total hook separation can be bination reactionsofdimer ions (Xe', NeXe" ) rather than
calculated by doubling the distance between the hook on the direct excitation of ground-state Xe by electrons. Cl from
long wavelength side and line center (see Fig. 3). HCI controls the Xe* population by intercepting Xe", the ,

In typical laser kinetics models, Xe** is a generic highly precursor to the dimer ions, to form XeCI. Hence, as long as
excited state representing Xe(6p) states above Xe(6s). Cal- dissociative attachment is the dominant electron loss pro-
culations indicate that the total population of Xe** is signifi- cess, the Xe* density decreases with increasing initial HCI
cant. Since cross sections for stepwise excitation of Xe* are concentration. In fact, experimental results for 0.32% HCI
estimated to be large,"' the two-body relaxation rates of (not shown) are z47% ofAN* at 0.16% HCI. However.
Xe** by neutral molecules are small.'' and the electron den- Figs. 5 and 6 show time-dependent AN* densities for rela-
sity is appreciable.' thermalization among these levels at .,

near the electron temperature of z 1.5 eV (Ref. 12) is ex- 10
16 ..

peeed. Within this assumption, the upper state populations , -
of the probed transitions are estimated to be z 10-36% of
the lower state. Measurements of Xe(6v'[ 1/21) in XeCl, A* A" "

A

A/2 A/2

100

< %

"E : A La *- ""." .

'liJ.

00

101 35 *',. Z

1( 13, 20 47:0 600 800 IOnO ') 1400 b
/ I TIME ( .,)

828.0 nm 826.6 nm 823.2 nm(; time:dciidcilt .'\ *dc'"stit ftial 11t 1 c'riccnt[ t ' .

() ox"; I tic othr ga
, 

paraniccr, and ,,intls ol', arc ' hc an a, I I I -i 4 -

FIG 3 rpical hoik interference pattern A is the total hiok separation ('hisetd triangles corrtpond ti Ato S41) n m I.

1987 Appl Phys Let . Vol 51, No 24 14 December 1987 Kana, eda/ '987

%



-wF77 J - ,'P.FWFr.F'7.? V

101 Preliminary comparisons with a computer model"
S yield good agreement with the data for initial MCI concen-

~~ trations 4.0 16%. At leaner concentrations the model does

a not predict the rapid increase in Xe* density seen during the
pulse. This may be related to the model',. underprediction of

1015 MCI depletion.' The model also does not predict the long
Xe* density lifetime observed after the end of the e-beam

A* z us orla mixtures. This lifitime appears correlated -

z wt N teeeto density,'adi sensitive toth e *ad
Nee'formation rates, which may mean that an improved

101 estimation of these rates" is needed. Hence, the Xe* density %.
measurements demonstrate that our understanding of Xe*
formation is good except under conditions %hen a signiti-

Nj

cant amount of halogen is lost. Additional discussion regard-
- - ing the implications of the-se measurements. as well as Xe*

-- - -- - and Xe** measurements in XeF. wkill be presented in another
0 200 400o 600 800 1000 1200 1400 paper. 1
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Diagnoestic techniques for studying excimer laser kinetics

W.D. Kimura, F. Kannari, J.?. Seamans, and D.R. Guyer

Spectra Technology, Inc.
2755 Northup Way, Bellevue, Washington 08004-1495

ABSTRACT

Several novel diagnostic techniques have been used to analyse the laser kinetics
occurring in electron-beam pumped excimer lasers. Described are & quadrature interferometer
for measuring time-dependent electron densities, an overtone absorption technique for
measuring the HC1 concentration, a broadband dye laser system for measuring the spectrally
resolved gain in XeF, and a hook interferameter for measuring time-dependent excited State
densities. These techniques can also be applied to other non-excimer lasers.

1. INTRODUCTION

Further advancement of excimer laser technology relies on the further advancement of our ..

understanding of the laser kinetics. Models of the laser performance, which are used for
example to scale these devices to large sizes, are only as good as our understanding. Our S.
confidence in these models is only as good as the data available to validate the models.
Hence, there is a need to apply appropriate diagnostic measurements on these lsrs to
reveal fundamental characteristics of the laser medium.

Usual diagnostics that measure parameters such as the laser output energy, efficiency,
pulse shape, and lasing spectrum, only provide macroscopic information regarding the laser
medium characteristics. The data cannot easily reveal details about the gas kinetics
because they represent essentially the net result of many complex processes occurring
simultaneously. Gain, absorption, and sidelight fluorescence measurements reveal more
details, but they are still the net affect of a complicated molecular chemistry occurring e
within the laser plasma. Therefore, to understand the kinetics on a fundamental level, it
is necessary to measure specific quantities on a molecular level. It is at this molecular
level that the kinetics models are based, and it is at this level that critical data is '
lacking.

This paper discusses diagnostic techniques used at Spectra Technology, Inc. (STI) on an
electron-beam (e-beam) pumped excimer laser to measure various characteristics of the laser 4

active medium. The first diagnostic is a infrared quadrature interferometer to measure the %
electron density in XeCl,2 XeF, and KrF; he second is a Raman-shifted Nd:YAG pumped dye .
laser to measure the HC1 depletion in XeCl; the third is an excimer j umped broadband dye 41.J

laser system to measure spectrally resolved small signal gain in XeF; r.4 the fourh is a
hook interferometer to determine the Xe excited state densities in XeCl and XeF.

2. DESCRIPTION OF 3-BAM PUMPED LASER

The laer (Tahoems) during all these seas rements has been used extensively in the pastfor lasing experiments on XeCl," XeF, KrF, and other excimers. Details of the laser

system can be found in the aforementioned references. However, all the measurements
described in this paper are performed under nonlasing conditions (that is the normal laser
mirrors are removed). The measurements can also be performed under laming conditions, with
the various probe laser beams introduced off-axis to the active volume, and, indeed, this "1
would be very useful to perform at some future time.

The nominal gain length is 70 cm, but it can be shorten by blocking the ends of the e- S
beam with baffles. This ability to shorten the gain length and thereby tune the sensitivity

.,



of the measurement is important because occasionally the changes induced on the probe laser
beams can be beyond the dynamic range of the detectors.

The e-beam pulse length in variable from 31O0 as to 1 p.. Generally, the time-dependence

of the quantity of interest relative to the e-beam pulse shape is desired. However, rather -.

than perform all measurements at the longest e-beam pulse length, measurements axe alo done

at U0.5 ps. This is because the optimum halogen concentration for lasing tends to increase "S.,
with energy loading (pump rate times e-beam pulse length); however, higher halogen 5'."

concentration also increases the amount of halogen quenching. Therefore, for a fixed pump 0
rate and halogen concentration, it in necessary to vary the e-beam pulse length in order to
investigate other operating regimes of interest.

Timing of the various lasers and detectors used in the diagnostics is controlled by

separate digital delay generators triggered by a computer program that primes and fires the
laser, and acquires the data. A video frame store unit in the computer system captures the

output from the vidicon camera used during some of the experiments, and provides a
convenient method for storing data for later analysis.

3. ELECTRON DENSITY MEASUREMENT USING QUADRATRE INTERFEROMETY

Figure 1 is a schematic af the quadrature interferometer systm used to measure the time- V.S
dependent electron density. 3 The quadrature interferometer uses a single mode, cw CO2

laser to probe the active volume of the laser chamber positioned in one branch of a,

Michelson interferometer. Double use of the interferometer central beamsplitter together

with a X/4 plate provide two output beans that are 90" out of phase with one another. The

"cat's eye" retro-reflectors permit the incident and reflected beams to be offset from one
another, while at the same time not disturbing the polarization. %

LASER
Figure 1. Schematic of

quadrature
interferometer e

POARZE A 0* DETECTOR system for
measuring thejPOLARIZER

O0" time-dependent
ICE T I DETECTOR electron density.

;CAT'S' 
A1 

GRFETR ELECTRON *CT' oEY' E
BEAM RETRO- \"."':

REFLECTOR .

ol

Liquid nitrogen-cooled HgCdTe detectors measure the 10.6 pm signals. Due to infrared

emission from the laser chamber, the detectors are placed N18 a away to eliminate any false

signals. (Narrowband filters centered at 10.6 pm would have also solved this problem.)

The electron density is determined by measuring the fringe shifts occurring during the e- ]

bea excitation and calculating the density using the plasma dispersion relationship. For 'Sd

this experiment, because of the fairly high electron density and, therefore, large number of
fringe shifts, the e-beam is baffled to 85 m in length so that the 002 laser beam travels '_.

through 70 ce of a6ctive medium. One fringe shift then corresponds to an electron density of '

X 101 4 c m. a'S'

An example of the two detector outputs is shown in Fig. 2. Note the rapid fluctuations p
of the signal during the beginning, indicating a rapid increase of electron density. The

signal varies more slowly after "100 no, indicating a more constant density, and then ends

4e
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SFigure 2. Oscilloscope traces from the~~PHASE e-
Hg~dTe detectors. The top

0 trace is 90* out of phase

00 with the bottom one. The

0, gas mixture is 98.4% Ne/1.56%

0oXe/o.08% HCl at 3000 Torr
-)90 total pressure and an *-beam r
U deposition late of
LU H180 kW/cm-a

TIME (50 ns/div)
with a relatively steady variation indicating, in this case, a steady increase of density.
Although all the phase information can be ascertained from only one detector, the second
detector eliminates the ambiguity that can &rise when the first detector signal passes
through an extremum. At an extremum, the sign of the phase shift is unknown; however, by

examining the other detector, which will be at its maximum differenti"&l sensitivity, the
direction of the phase shift is known. An example of the electron density results for XeCl
are given in Fig. 3. -- .' , ,

20

[HCL]- 0.04%

0.06% Figure 3. Typical electron
densities of XeCl

E is- mixtures (1.5% Xe,
- balance Ne to 3000

0- Torr) with the e-
- beam deposition

0.12% U180 kW/cm . The

dashed curve is &
z normalised trace
Ma
a of a typical
Z electron beam
0 current waveform.
E Data points are

W cc not shown;

W N however, &
.... representative

error bar is

1 , W "-. indicated .

.0 200 400 oo

TIME (NSEC)

4. HCl DEPLETION MEASUREUENT USING OVERTONE ABSORPTION

Halogen depletion in excimer lasers during the pump pulse is a critical issue. To

measure the HC1 concentration, the technique chosen is djrect absorption measurements on the _ i

first vibrational overtone of vO-0, 1, and 2 at 01.8 pm. This is because HCl absorbs too
strongly on the v'-l * v6-0 transition to permit convenient measurement over the length of
the active volume. All measurements are made on the P(3) rotational transition and

rotational equilibration at a final gas temperature of N400 K is assumed.

Figure 4 is schematic of the halogen depletion measurement system. The laser medium is S

probed by a Nd:YAG pumped dye laser whose output is Raman-shifted to 1.8 pm in a high
pressure H2 cell. R&tioing the signals from the reference and probe pyroelectric detectors
gives the relative amount of absorption. For theme measurements, the gain length is 70 cm. ., a'

% "
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Due to other infrared absorption that occurs during the e-beam pumping (possibly due to
Xe2), measurements are obtained X2 ps after termination of the e-beam pulse, and indicate
the remaining HC1 concentration. Hence, direct time-dependent HCl depletion measurements
are not possible with this technique; however, by either keeping the e-beam pulse length
fixed nd vrying the initial HC1 concentration or keeping the initial HC1 concntrtion 5. 1."r

fixed and varying the e-beam pulse length, it is possible to indirectly infer the rate of .O
halogen depletion. In our c4ae, the former approach was taken, and the results for
HCl(v"-O) are shown in Fig. S.

20

,15 100% BURNUP Figure 5. Measured HC1(v"u Io

after firing the *-beam for
% various initial HC,

:10 concentrations. Other
0 parameters are the same as

w in Fig. 3. The straight -

0.5 line indicates 100%
W consumption of the HCl

present.

0
0.0 0.05 0.10 0.15 0.20

%HCI
*, S,.o %%

Since vibrational excitation of HC1 to states higher than vu-O is possible, these higher
states were also measured using the overtone absorption technique. Higher vibrational
states are only observed at the higher BC1 concentrations. For 0.2% HCl, the HCl(v"-l) %
population is t2.4% of the HC1 added; the HCl(v6-2) population is negligible.

5. SINGLE SHOT FULL SPECTRUM GAIN MASURMENT IN Xe?

An excimer pumped dye laser (TUQ dye), operating broadband (00 A wide) and centered at
around 3850 n, is used to obtain the full spectrum, small signal gain of e-beam excited XeF
during s ingle shot. To our knowledge, this is the first time the spectrally resolved gain".,."

spectrum has been measured in XeF. Although, an mentioned earlier, gain measurements are
not usually simply related to basic gas kinetic quantities, being able to examine the entire
gain spectrum does reveal information regarding the degree of vibrational and rotational
coupling in the XeF manifold. Such information is prticulajly important when attempting to -.

understand the narrowband extraction characteristics of XF.

A schematic of the gain measurement system is shown in Fit. 6. The dye laser output is
split into a probe and reference beam. Within the laser chamber, the probe intensity S
averaged over the entire XeF gain band is <50 kW/cm . The dye laser pulse length is <5 ns;
hence, by varying the time delay of the dye laser with respect to the e-beam, the temporal
dependence of the gain during the e-beam pumping can be obtained. ....-

%, %*5
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The probe and reference beams are sent through calibrated neutral density filters and are
vertically displaced across the entrance slit to a 1 a spectrometer. Hence, at the output
of the spectrometer (used without an exit slit) are two bands of light, one above the other,

that correspond to the dye laser spectrum. The probe beam in amplified by the excited XeF a.

sedium; taking the ratio of the probe to the reference then yields the gain.

A UV vidicon camera detects both the probe and reference spectra simultaneously. This is
shown schematically in Fig. 7. A computer-controlled video frame store unit captures the
frame with the spectra and stores the data in computer memory. By aligning the camera with 2C
its raster lines oriented along the dispersion direction of the spectra, the raster lines
within a band of light can be averaged pixel-to-pixel, thereby improving the signal-to-noise a

%
.2 of the data. This method of data collection provides a convenient means to acquire and . a

analyze spectral data.

Fiur 7 Dtaacuiito

%'aos o E system for
Amplfie 0-oarnLW-s/ncollecting output

from the gain
aspectrometer shown

calm"in Fig. 6.

VAX

A typical example of the small signal gain measured is given in Fig. 8. The two dips in
the gain spectrum at 351.52 and 352.05 mm correspond to neon absorption line 1  and are used
to provide an accurate absolute wavelength calibration of the spectra.

G. XENON EXCITED STATE MEASUREMENTS USIN4G HOOK INTERMEOMETRY

12
Book interferometry is a method by which~ excited state population densities can be

masured. It has been used on lasers before 
13 but , 90 our knoweledge, this is the first tine %V

it has been applied to e-beam pumped excimer laser.. 7 .:

"A



4.0-

*Figure 8. Typical small signal gain
12.-spectrum of XeF for amn-

14 
'%-414 o

abeam deoito of

1.0- U180 kW/cm, and a gas
mixture of 99.4% Ne/O.5%

0.0 Xe/Oil% F2 at 3.5 agato.

340 3500 3510 3520 3530 3540 3550

WAVELENGTH (ANSTROMS)

A schematic of the hook interferometer system is shown in Fig. 9. A short pulse, % ~
broadband dye laser, centered at %830 mm, (LDS 821 dye in DUSO + 101 methanol) feeds a
Michelson interferometer in which the laser chamber is in one branch. The output from the
interferometer is analyzed by a spectrometer whose output is detected by a vidicon camera.
Due to anomalous dispersion occurring around an atomic resonance transition, Ohos form in
the interference pattern seen by the camera. The separation of these hooks is directly

DE
EXCIMER LASER RECORDER

DYE 1-
LASER MONITOR-AJ

TAHOMA LASER CHAMBER

BEAMVIDCON Figuzre 9. Schematic of hook
SPLUTTER interferometer system for

I tmasuring xenon excited
ELECTRON BEAM state densities.

COMPENSATO

1 M'

SPECTROMETER

proportional to the excited state population difference of the transition. If the
transition oscillator strength and the active sedium length are known, the absolute value of
the excited state population difference can be determined.

An example of the hook spectra obtained during the experiment for XeCl is given in 4

Fig. 10. Visible are the xenon transition lines at 823.2 no (6o[3/2 0 - GpC3/232  m
828.0 mm (6o[3/2], - Gp1/ 2)0 ). (The line at 826.6 nm corresponds to Xe (6S'[1/2)0 -

Sp'(1/2)1) and was not examined during this experiment).

Figure 10. Typical hook spectra ,.

obtained from the system .N .
shown in Fig. g. The hook%
stparation is represented by

nm'v
828.0 nm 826.6 nm 823.2 nm .



Figure 11 shown typical xenon excited state density results for XeCi. This type of
information is important because of the role excited state xenon plays in the jorm&tion of
XeCl. The Xe* density is also affected by the consumption of the haloen gas.1 .

This *&me te-hnique is applicable to other excimer lasers, such as KrF, where
measurements of the krypton excited states densities is possible.

Ne/Xe/HCI = 98.211.5/0.32%
Total Pressure 3000 Torr "igure 11. Typical xenon

excited state
density results
for XeCl (98.2%
Ne/1.5% Xe/0.32%

15 HC1 atSO 300
10 Torr). The s-beam

deposition is
V) 3
E 

250 kW/c; '
- %normalised trace

0 0 of the e-beam %Z 8 current pulse is 
0 shown at the

"0 bottom of the

1014 1 figure. Solid and "-
open circles
c correspond to -

-XCI* density
., differences of the '. -

C._-j 823.2 and 828.0 m-
/ transitions,

13 I respectively.

0 200 400 600 800 1000 1200
TIME (ns)

7. CONCLUSIONS

Measurements of fundamental quantities, such as time-dependent electron and excited State S
densities, has helped improve our understanding of the complex kinetics occurring in e-beam
excited excimer lasers. It as also provided important data for validating models of these .%

lasers. Unlike typical data used to anchor the models, this data tests the models on a
basic level.

The techniques described are applicable to other types of lasers, for example discharge
.' excited excimer and other gas lasers.
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ABSTRACT
!-,'

Understanding of the neutral channel formation kinetics in excimer laser

gas mixtures has been limited by the lack of data on the pertinent excited

state populations in these mixtures. Presented are time-dependent
P%

measurements of the lower level xenon excited state densities in electron-beam

(e-beam) pumped XeCl and XeF laser mixtures (neon diluent). Measurements are

obtained using hook interferometry under nonlasing conditions at an average

3
excitation rate of F250 kW/cm and e-beam pulse lengths of 0.4 and 1 #s. The

* 0
population differences, AN between four different electronic transitions

[three in the Xe*(Bs)-Xe**(6p) manifold, and one in the Xe**(6s')-Xe***(6p') ._

manifold] are examined as a function of halogen concentration. For both XeCl•S
and XeF at high initial halogen concentrations (>4 Torr), the AN densities of

"5/ the Xe*(6s) and Xe**(6s') transitions are relatively constant during the

• 14 -3 14
0.4 #s e-beam pulse [For AN (6s-6p): $4 x 10 cm for XeCl, and M1.5 x 10 P",

-3 *
cm for XeF]. At lower initial halogen concentrations, the AN densities of

1o0 I...
% s - I . .. .5 :';*".. . . . . . .



6s-6p and 6s'-6p' start at the beginning of the pulse at approximately the

same densities as the richer halogen mixtures, but at a certain point during

the pulse, the AN densities abruptly increase. This increase can be >10

times for very lean halogen mixtures (1-2 Torr), and occurs at earlier times

as the initial halogen concentration is reduced. From other measurements,

this increase appears related to the depletion of the halogen. The observed

lifetime of the Xe (6s) densities is M2 #us for the low initial halogen

concentration mixtures. Additional density data for halogen-free Ne/Xe and

Ar/Xe mixtures are also presented.

P%

I. .°°o

'p"

2
" -p
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I. INTRODUCTION

XeCi and XeF lasers have been operated with electron beam (e-beam) P

pumping for more than ten years '2 ; however, many questions remain regarding

the chemical kinetics and dynamical behavior of the laser media. In

particular for XeCl lasers, the formation of XeCl* in e-beam pumped lasers has .

been the topic of considerable debate3'4 . In general, there has been a lack

of data on fundamental quantities that are directly related to the media

kinetics. This paper presents experimental results on the lower level xenon

excited state densities (more precisely, population differences) in e-beam

pumped XeCl and XeF laser mixtures (nonlasing). As will be shown, the results

have demonstrated some unexpected behaviors and revealed gaps in our e

understanding of the neutral channel kinetics. The measurements have also U

provided useful data to help validate computer models of these excimer

lasers.

For XeCl, reaction of the first excitation state of xenon (Sp 6s) with

HCl(L=O) is nearly thermoneutral (i.e. the branching ratio is nearly zero)

with respect to XeCl* formation. Either higher xenon excited states or

vibrationally hot HCl are necessary to efficiently form XeCl* through the

harpoon reaction5
. Recently, quenching rate constants and branching fractions -

for XeCl* formation generated by reaction of various xenon excited states with

6halogen donors have been measured using a tunable UV synchrotron source and

by laser induced fluorescence. These results showed that HCl(v"=O) gives high

XeCl* formation yield only for the 6p, 5d, 7s, and presumably higher

3
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excitation states of xenon. Enhancement of XeCl* formation yield from Xe*(6s)

with vibrationally excited HCl has also been observed8 . It has been assumed

in the past that the population in higher xenon excited states is minimal,

that the role of excited state kinetics is less important in XeCl than in

other rare-gas halide lasers, such as KrF*, and that XeCl* is predominantly -.

formed through Xe+-Cl recombination

In Ne/Xe mixtures (without HMl), neon ions and excited states, produced

by the primary electrons of the e-beam and by high energy secondary electrons,

produce xenon ions through three-body charge transfer reactions and Penning S

ionization. Xenon excited states are then produced through recombination
2, NeXe2). The fraction of xenonreactions of xenon-based dimer ions (Xe2, Nee. Th rcto f eo

excited states formed directly by electron collisions is negligible due to the O

low density of xenon compared to neon gas in these laser mixtures (typically

Xe is 0.5-1.5% of the total mixture). With HUl in the mixture, as long as the

C1- concentration is high, the Xe+-Cl- recombination reaction is fast and the

xenon excited state formation channels are effectively intercepted preventing

the formation of xenon excited states. Hence, measurement of the time-

dependent xenon excited state densities provides an important check of our

understanding of not only the neutral channel kinetics, but also the ion

channel kinetics. For example, if the measured xenon excited state densities

are reasonably low, this is indirect evidence of high Cl- ions density; S

however, the dominant source of CI- is dissociative attachment from

vibrationally excited HC110 and there are experimental results indicating that

the density of vibrationally excited HCl is low I 12 . In conjunction with our S

4
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13,14

previous measurements on the secondary electron density13'14 and on HCl
depletion1 , the xenon excited state density measurements related herein can

significantly help improve our understanding of the complex rare-gas halogen

kinetics.

In this paper, the Racah notation will be used to specify a given state

of xenon. Specific xenon excited states are divided to three groups according

to their energy levels. The symbol Xe*, Xe** and Xe*** denotes Xe(6s),

Xe(6s', 6p, and 5d), and Xe(higher than 5d) states, respectively.

II. BIPBRTMBNTAL TECHNIqUB 

16Xenon excited state densities are measured using hook interferometry

This technique has been used before in gas lasers17 , but this is the first

application in e-beam pumped excimer lasers. The experimental apparatus is

described in detail elsewhere1 8 ; a schematic is shown in Fig. 1. The total

optical path of the excited laser medium is 70 cm, and the e-beam excitation
3

rate is P250 kW/cm , which is higher than during the earlier electron density

measurements134

The basic principle of hook interferometry relies on the anomalous •

dispersion occurring around an atomic resonance transition; the strength of

that dispersion is directly proportional to the population difference of that

transition. By placing the laser medium in a Michelson interferometer and S

%! /



analyz.ing the interference pattern with a spectrometer, the anomalous

P P

dispersion manifests itself in the form of 'hooks' in the interference pattern

at the output of the spectrometer.

Near an isolated transition at a wavelength Xij (where i and j are the

lower and upper levels, respectively), but outside the care of the spectral .

line, the refractive index n is given by
19  0

3 .I
r f.X..N. .

4r X-Xij I N .

where r° is the classical electron radius, fij is the oscillator strength of

the transition, Ni' j are the population densities, and gi,j are the

statistical weights of each level. The wavelength separation, A, between the

hooks in the interference pattern is directly proportional to the square root %""4&

of the population density difference between the two states and is given by: -

AN* N - K A2  [2]
Ni g.N 3%.

1 r X f..

where 9. is the length of the medium and K is a constant that can be determined .

from an undistorted interference pattern. If the oscillator strength for a
, '.'.

particular transition is known, then the population difference, AN , can be J.

determined from the hook spectra.

An energy level diagram showing the xenon transitions examined during 1
the experiment is given in Fig. 2. Four particularly strong transitions are

. Z



examined: 1) 823.2 rim (6s[3/2]0 - 6p[3/212); 2) 828.0 n (6s[3/2]0

6p[1/21o); 3) 834.7 nm (6s'[1/2], 6p'[3/212); and 4) 840.9 na (6s[3/2] ° 0--

0V 2

6p[3/2e1) 8 Measured oscillator strengths for these lines are 0.23, 0.12, ,

0.37, and 0.012, respectively2 0 . In this paper, the measured population

density differences corresponding to each of the transitions are referred to

as AN (823.2 nm), AN (828.0 nm), AN (834.7 nm), and AN (840.9 am),

respectively.

3
The value of K in Eq. (2) is typically M1.5 x 10 during the

experiments. Thus, on our system a hook separation of 1 na at 823.2 nm

• 13 -3
corresponds to a AN density of P7 x 10 cm . Because the 823.2 nm and

828.0 am lines are close to one another and they have relatively large

oscillator strengths, the hook patterns about these lines can overlap each

other at high xenon excited state densities. This can be avoided in principle

by reducing the active length of the medium (i.e. P-); however, this was not

convenient to do during the experiment. Hence, most of the xenon excited

state densities greater than 1015 cm-3 are measured during the experiment by

examining the 840.9 nm transition, because of its smaller oscillator strength,

rather than the 823.2 and 828.0 nm lines. Kv.

Some of the transitions examined have a spectral line nearby that can

interfere with the hooks formed on the side of the transition nearest the

spectral line18 . Two relatively strong transitions are observed at 826.6 and

822.1 nm near the 828.0 and 823.2 am transitions. The transition at 826,6 nm

corresponds to Xe (6s'[1/2]0 - 6p'[1/2] 1). The transition at 822.1 nm has not

7 0
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been positively identified, but it is probably from Ne , because it is also -

observed in pure neon mixtures. These lines disturb the hook formation on the

short wavelength side of the 828.0 and 823.2 nm transitions, while the effects

on the long wavelength side of the transitions are negligible.

For an isolated transition, the hook separation is symmetric about the

transition wavelength. The quadratic Stark effect can displace the hooks

20towards long wavelengths 0 , but because the electron density is relatively
l13,14 (i15 -3 I Sp.

low (Z10 cm ), this effect can be ignored. Therefore, during analysis

of the data, it is assumed the total hook separation can be calculated by

doubling the distance between the hook on the long wavelength side and line

center. The experimental uncertainty of the data presented in this paper is
ts*10%.

Because hook interferometry gives the density difference between two -'

states, to obtain the absolute density of the lower state requires the upper

state population to be either negligibly small or estimable through other

means. As explained in the following section, we believe the upper state

populations for our experimental conditions are significant; however,

estimating the populations, even by comparing the data gathered for different

transitions, is difficult. Therefore, in order to avoid biasing the data with . -

an assumption of the upper state densities, all the data presented in this

paper represent the population difference, AN between the upper and lower

state of the transition examined.

-,JJ % ,
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III. RESULTS AND DISCUSSION

Before presenting the experimental results, it is helpful to review the

important processes affecting the xenon excited state population

distributions. In high pressure gas mixtures excited by an e-beam at a %

relatively high excitation rate, the population distributions in excited state

manifolds are primarily defined by seven different processes: 1) The initial

21distribution as a result of formation by dimer ion recombinations ; 2) two- -A~.

body collisional redistributions with rare gases; 3) three-body collisional

deactivations (e.g. dimer molecule formations); 4) radiative deactivations; 5)

excitations and de-excitations with secondary electrons; 6) quenching with the

halogen gas; and 7) ionization of high level excited states.

If the collisional mixing by either neutral species or electrons is

fast, the initial formation distribution will be quickly reduced to a steady-

state distribution. The nature of this distribution will depend on the

relative rates of neutral and electron energy transfer collisions. The

collisional deactivation rate constants measured by Inoue et al.22 for Ne and

Ar show that two-body deactivations redistribute xenon densities between

excited states separated by <5000 cm-1 with rate constants ranging from 0.2 to
36 x 10 - 11 cm3s-1  Radiative lifetimes measured by Inoue et al. 2 2 range from

30 to 150 ns for xenon states located above Bp[I/2]1. Since the secondary

electron number density is typically 1014 1015 cm- 3 in the excited gas mixture

and their energy is z1-2 eV2 3, it is reasonable to expect that stepwise

excitation in the xenon excited state manifold will effectively compete with 0

,-" "-
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two-body collisional deactivation. If the distribution in the xenon excited

state manifold is characterized by a secondary electron temperature of 1.5 eV,

which is a typical average electron temperature predicted by our model10'23

for our experimental conditions, the upper state density of the probed

transitions would be 23%, 12%, and 36% of the lower state density for the

823.2, 828.0, and 840.9 nm transitions, respectively. This represents an

upper limit for the higher state populations since other heating sources do 0

not exist. Moderation of this distribution will be governed by interaction e

with the A$300 K gas. Moreover, ionization processes of higher Xe excited

states tend to decrease the population of upper states.

At high pressures, three-body relaxations are also important. Xe*** and

Xe** form unstable * nd Xe2 dimers, respectively, that can eventually

predissociate into lower xenon excited state states. If the contribution of

these three-body collisional deactivations is significant, the characteristic

tmperature defining the distribution between Xe * and Xe ** can be lower than

the electron temperature. Consequently, the fraction of upper state densities

can be lower than those estimated in the previous paragraph. The issue of the

xenon manifold temperature is discussed in more detail later. -

Figures 3 and 4 show typical experimental results obtained at the 828.0,

823.2, and 834.7 m transitions, for XeCl laser mixtures with an initial ECi

concentration of 0.32% and 0.16%, respectively. The XeCl laser mixture is

1.5% Xe in Ne diluent at a total gas pressure of 3000 Torr. A normalized e- * --

beam current pulse shape [400 ns full width at half maximum (FWHM)] is shown S

10
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at the bottom of the figures. As can be seen in Figs. 3 and 4, the density

• •
differences of AN (823.2 nm) and AN (828.0 nm) are relatively constant during

the e-beam pumping, and decay rapidly at the termination of the e-beam pulse.

As noted before, excited xenon is produced primarily by recombination of

dimer ions with secondary electrons rather than direct excitations of ground

state Xe by high energy electrons. At high HC1 concentrations, secondary

electrons are efficiently removed by dissociative attachment reactions with

vibrationally excited C1. The C1 ions produced reduce the dimer ion

populations through ion-ion recombination reactions. Therefore, as long as

dissociative attachment dominates the electron loss process, the Xe density

will decrease with increasing initial HC1 concentration. In fact, as seen in

Figs. 3 and 4, experimental results for 0.32% HC1 of AN (823.2 nm) are M47% of

' the 0.16% HC1 mixture. These Xe* densities agree with model predictions
23

a" which assume high dissociative attachment rate constants for vibrationally

24excited HC1 as reported by Allan and Wong

Figures 5-8 show time-dependent AN densities for lower initial HC1

concentrations from 0.12 to 0.04%. Two unexpected xenon excited state density

behaviors are observed. First, although higher Xe* densities are expected at

the beginning of the pulse for lower HCl concentrations and, in fact, the AN

measured during the first 200 ns does increase when the initial HCI

concentration is reduced to 0.09%, the AN densities actually tend to decrease
%

as the HC1 concentration is reduced to 0.08 and 0.04%. The AN (834.7 nm)

density of 0.08% HCl is also smaller than that of the 0.16% He1 mixture during



* *J%. #,

the e-beam pulse. Second, at low HC1 concentrations, the AN densities

dramatically increase at a well defined point during the e-beam pulse. As the

initial HC1 concentration is reduced, the AN* density begins to increase at

earlier times. This increase is so rapid that it appears to indicate some

type of threshold effect. For the particular energy loading and pulse

duration used in Figs. 3-8, this increase occurs at the very end of the e-beam

pulse for the 0.12% HCl mixture, and the AN density decays rapidly after

termination of the e-beam. However, for HC1 concentrations <0.12%, the AN

density does not decay immediately after termination of the e-beam pulse, but

instead the decay time becomes progressively longer with decreasing initial

HCl concentration. This will be discussed in more detail later.

Also shown in Fig. 7 are results of measuring the AN density of neon
excited state for the (3p[5/2]3 - 3d[7/2]° ) transition at 837.8 nm. It is

interesting that the neon excited state density does not increase abruptly

" like the xenon densities, but rather follows the e-beam pumping. The abrupt

increase of the xenon excited state density appears to be caused by

destruction of the reaction balance between ion-ion and electron-dimer ion

recombination processes, as a result of HCl consumption. Since neon excited

states are mainly produced by high energy electron excitations, they are not

affected by the HCl consumption. During the electron density

measurements13 ,14 the electron densities also tended to increase abruptly at

A" a certain point during the e-beam pumping. This point also tends to occur at

earlier times as the initial HCI concentration is lowered. The consumption of

*" HCl during the pump pulse increases the secondary electrons and reduces C- -

12
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ions resulting in an increase in electron-dimer ion recombinations. -

4.

The model2 3  predicts these abrupt increases only when additional

dissociation of HC1 to neutrals is included at effective rates larger than

commonly accepted. In other words, the HC1 burn-up rate appears to be -"'-.

underestimated, especially at low initial HC1 concentrations. Additional HC1

destruction channels at low HC1 concentrations may still not be identified yet A
and will be discussed later.

At low HC1 concentrations, the AN (840.9 rim) density decays slowly after .

termination of the e-beam pulse. In high pressure pure rare gas mixtures

excited by an e-beam, electrons are controlled by recombinations with dimer

ions. The rare gas excited states formed by recombination processes produce

dimer molecules through three-body collisions, and the inner energy of the S.S

total xenon system decays mainly through radiative deactivations of dimer

molecules. Therefore, as long as the three-body dimer molecule formation is .4S

fast, rare gas excited states cannot survive for very long after the e-beam

termination even after the HCI is completely consumed. During the secondary ,.

electron density measurements, a long electron density lifetime was also .

observed at low HC1 concentrations34 To conserve charge balance, the

secondary electron density must be balanced with some positive ions.

Therefore, the long xenon excited state lifetime may be caused by relatively •

long deactivation processes, and by some feeding processes such as

recombinations of dimer ions even after the c-beam excitation. Energy

transfer processes from excited Cl atoms are another possible path to form

• I
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~~xenon excited states. Comparing Figs. 6 and 7, it is interesting to note how ,'..'

sensitive this lifetime is to small changes in the initial halogen

i .'.

concentration. ''

~~To eliminate the effects of the halogen, Ne/Xe and Ar/Xe mixtures were•"-

~also examined using the hook interferometry system. The results for the.-.

binary mixtures are shown in Fig. 9. The Xe* lifetime is surprisingly long,•

I! .... and its decay behavior is not purely exponential.

I ~ ~To help interpret the binary mixtures results, Fig. 10 depicts the key "'

.', .. j

okinetics pathways in an e-bein excited Ne/Xe gas mixture. The major dimer ion .

species in Ne/Xe mixtures are believed to be NeXe+ and Xe. 9 10  Ine

concentration

containing a trace of xenon, Xe + is formed mainly from NeXe+ rather than "''

directly from Xe+ . Similarly, the major dimer molecules in Ne/Xe mixtures are

thought to be NeXe and Xe . Howevokerotry sytonuclear species NeXe+ and

2O
NeXe* are bound very weakly (<0.05 eV), so that the reverse reaction to

produce Xe+ and Xe from these heteronuclear species should be very faston

If these reverse reactions are fast enough that the effective densities of

heteronuclear species are negligibly small, and if the formation reactions of

molecular species of Xes and Xe. with neon as a third-body species are

significantly slower than expected, vi. the reactions: iN/e xusa

* 2

prdc e n e rmtee+ hetero nea peci+ es sholdbe erfat 2

me a s i oXe* + Xe + Ne sXea + Ne, 4]-
2

.7 14

5' Xe* +e+Lle 4 Ae+lo•, [4

". " " ",". .- ". ." " "a % . %" •",j" '_ " '.rw'.. .. _'. . wL w% %'. ." " # "" ... "-"." ". ".". ."" '. '"'''.'"'" ""S =

a. , .';.T . %.,,. . .',., k ,.; ' _. ,, ,:
.

" . ' ' _ " --. .. . •. ,. , : , : :.;,:



then the total rates of fornation of Xe+ and Xe* will be much less than those

for the corresponding rare gas dimer species in pure xenon. In fact, the

rates used in the model are estimated or extrapolated from results for

collision species other than neon26-28 . Consequently, the densities of Xe-

based molecular species are much smaller than would be expected considering .

the total pressure. If the preceding assumptions are correct, then the A

dominant ion in the Ne/Xe mixture is Xe + , and the electron loss mechanism by

electron-dimer recombination is slow, with the result that the electron

density in the Ne/Xe mixture remains high after the termination of e-beam

pumping. Penning ionization processes can also help feed the electron density 'e

population. This is one noteworthy difference between a pure rare gas and a

rare gas containing a trace of xenon. Therefore, even after termination of e-

beam pumping, the recombination process producing xenon excited states

continues at a low rate, some of the excited species are ionized back to Xe %

through Penning ionization, and the total xenon excited state system decays

through the relatively slow Xe* formation process. If the electron

temperature remains high enough, the produced Xe* is excited to unstable Xe*"

states, which again produce Xe*.29

Figure 11 shows the fluorescence time history of the Ne/Xe mixture

obtained with a VUV photodiode (ITT F4115, 120 nm<X<320 nm). The major

contribution is dimer emission of Xe. Surprisingly, the fluorescence

continues to increase after termination of the e-beam pulse and peaks at

P1.25 #s after the pulse. This fluorescence behavior of Xe* is caused by a

decrease of Xe * formation by secondary electrons due to the drop of the S

15
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electron temperature after the e-beam ends2 . -

'IN

In Fig. 9, AN (823.2 nm, and 828.0 nm) measured for an Ar/Xe mixture are

also shown. The decay time of the xenon excited state system is much faster

than in the Ne/Xe mixture. This is because the binding energies of ArXe+ and

ArXe are relatively large compared to those of NeXe+ and NeXe*, respectively,

and a larger amount of dimer molecules exist in Ar-based mixtures30 . Xe+ and 0

Xe* formation reactions with argon as a third-body species are also faster

than with neon 26 28. Therefore, the recombination and deactivation processes K
for xenon excited state are faster than those in Ne-based mixtures.

Figures 12 and 13 shows time-dependent AN densities obtained under ION

extended (1 ps) e-beam excitation for an initial HCI concentration of 0.32 and

0.16%, respectively. Sidelight fluorescence of XeCl*(B-X) is shown at the

bottom of each figure with the normalized e-beam current pulse. For 0.32%

HC1, the AN density does not stay constant, but gradually increases towards

the end of the e-beam pulse. This gradual increase may be caused by an

increase in the gas temperature during the e-beam pumping which leads to a

31 * 0
decrease in the ion-ion recombination rates For 0.18% HC1, the AN density

• r ,NP-"
increases abruptly at $600 ns into the e-beam pulse. The sidelight

fluorescence for the 0.16% HCl mixture begins to decrease at approximately the

same time as the increase of the AN density. Since the increase of AN

density also suggests a corresponding increase of the Xe** and Xe*** .

densities, photoionizations of these higher excited states should increase the

absorption losses in a laser and tend to reduce the laser output. This may be

part of the reason for the premature laser pulse termination observed in some

16 0
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experiments 3

Measurements also show that the Xe* density increases with increasing

initial xenon concentration. With 0.16% HCl and at 150 ns into the e-beam%
114 114 -3 _pulse, AN (823.2 nm) densities of N2.0 x 10 and 4.5 x c are

obtained for 0.5% and 3.0% Xe, respectively.

It is interesting to examine whether the abrupt increase of xenon

excited state density is a common behavior when using different halogen

species. Results of AN density measurements performed for XeF laser mixtures

are shown in Figs. 14-16. The XeF laser mixture is 0.5% Xe in Ne diluent to a

total gas pressure of 2888 Torr.

One must be careful when comparing the AN results for F2 with HCI

because of the different dissociative attachment rate constants between ground

state HCl and F2 . The rate constants, however, actually become comparable to

one another once the HCI is vibrationally excited. Although the 0.1% F'

mixture (Fig. 15) and the 0.09% HCI mixture (Fig. 6) start out with similar

amounts of halogen and the rapid increase in AN density occurs approximately

at the same time, the lifetime after e-beam termination of the xenon excited

states is much longer for the 0.1% F2 case. Based on the earlier discussion

regarding the long lifetimes observed in the binary rare gas mixtures, this

seems to imply that more of the F2 has been consumed than in the HC1 case.
*

The estimated effective lifetime of the xenon AN excited state for the 0.05%

F2 mixture is M2 ps, which agrees well with the value for the XeCl laser

17 S



mixture.

From the AN density results for HCl and F2 halogens, it is confirmed

that regardless of which halogen gas is used, the halogen burn-up causes an

abrupt change in the energy flow of the dimer ion recombination channel and

increases the xenon excited state density. In the Ne-based mixture with a

trace of xenon, the main ion species is Xe*, and recombination processes are 0

relatively slow. Therefore, the decay rates of the secondary electron and %

xenon excited state densities are very long.

The xenon excited state density results, besides demonstrating the

interdependence on the halogen concentration, also provide an opportunity to

examine part of the xenon excited state distribution and therefore estimate -

indirectly the manifold temperature. However, to perform such an analysis

requires some assumption regarding the form of the distribution

(e.g. Boltzmann versus non-Boltzmann). Because of this and because the

% experiment only examined a limited portion of the xenon manifold and did not

measure absolute level densities, the following temperature analysis is

intended to illustrate only one possible interpretation of the data. It

should be emphasized that the experiment was not designed to measure the %

manifold temperature. .

The analysis is further complicated by the fact that at least part of

the xenon manifold must be in nonequilibrium as evidenced by the existence of

infrared xenon lasers. Lasing occurs between the 5d and 6p xenon excited

states when mixtures of Ar/Xe or Ne/Xe at >1 atm are excited by e-beams or e-

18
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33-35beam sustained discharges8  . If, however, we assume the levels examined in

this experiment are roughly in equilibrium, then one approach for analyzing

the data is to assume a simple model where the xenon excited state manifold is b

characterized by a single temperature. It is possible to estimate such a

temperature by assuming a Boltzmann distribution for the entire xenon excited

state manifold between the 6s and 6p' levels (see Fig. 2). For example,

comparing the AN (834.7 nm) data to the AN (823.2 nm) or AN (828.0 nm) results

given in Fig. 4 for 0.16% HCl would indicate that the excitation temperature

in the Xe manifold is mO.8 eV. This is comparable to the predicted electron

temperature of 1.5 eV mentioned earlier and supports the hypothesis that .

electron mixing is significant in the lower excited state manifolds for this

experiment.
0

As another example of the application of this simple analysis to the

data, the calculated excitation temperature from the AN (840.9 nm) and e

AN*(834.7 nm) data for a 0.08% HCl mixture is $0.9 eV during the e-beam '.

pumping. The excitation temperature decreases after the e-beam termination to

Z0.3-0.4 eV. For a Ne/Xe mixture, the excitation temperature decreases from

0.5 eV at 400 ns into the e-beam pulse to 0.4 eV at 1.4 #s after the e-beam

pulse. Comparing both mixtures, the halogen gas tends to increase the

excitation temperature, but the excitation temperatures without any initial

halogen or after the halogen has been depleted are very similar. This trend

is expected if the excitation temperature is a positive function of average

electron temperature. With the halogen gas, low energy electrons are removed

through dissociative attachment reactions and the average electron temperature

19 0
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is raised; indeed, this is predicted by the model23. -.

If indeed the excitation temperature of Xe** state is comparable to the

estimated secondary electron temperature, then considering the large 77..-

degeneracies of the high excitation states, the total xenon excited state

densities above the first excitation state (6s) would appear to be

significant. For example, assuming the entire xenon excited state manifold is

governed by a Boltzmann distribution, one would predict, for a 1 eV excitation

temperature, an effective degeneracy for Xe** of order 50 and for Xe*** a

value 30 times greater than that. Relative to Xe*, this implies the Xe** and S

*P 0
Xe*** densities are considerably larger than the Xe* density. However, due to ,-

the high ionization rates of the high level xenon states, it is more likely

that the excitation temperature of Xe*** is smaller than that of Xe**.

Nonetheless, even if the densities of the high level xenon states are only

comparable to the Xe* density, the impact on the kinetics is significant.

Xe*** can produce XeCl* through reactions with ground state HCl at a branching

ratio of nearly one . Assuming the total Xe** and Xe*** densities are the

same as the Xe* density, and using a Xe* density of 5 x 1013 cm-3 obtained

from our experiment for a 0.16% HCl mixture, an estimated XeCl* formation

efficiency through the harpoon reactions with higher excited states of xenon

is 7%, which is approximately half of the formation efficiency estimated from

the small-signal gain of a XeCl laser . This XeCl* formation is also an

additional HCl burn-up channel. Moreover, since the higher excited states of

xenon are easily ionized by electrons or photons, they are a source of extra

secondary electrons which tend to accelerate the HCl burn-up.

20
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The preceding analysis relies on the distribution being approximately

Boltzmann. If in reality it is significantly non-Boltzmann, then it is not

possible, without additional measurements of the higher xenon excited state I X

level densities, to infer the manifold temperature from our data.

4.,

IV. CONCLUSIONS 5

The time-dependent excited state density measurements of xenon in e-beam

pumped Ne/Xe/HCl and Ne/Xe/F2 laser mixtures as a function of halogen

concentration have yielded important new insights into the neutral and ionic *

kinetics occurring in these plasmas. ,.

For both laser mixtures, as long as the halogen density is high,

secondary electrons and xenon ions are controlled by dissociative attachment

reactions with the halogen and ion-ion recombination reactions, respectively.

In addition, the amount of electron-dimer ion recombination is relatively

small, which results in low xenon excited state densities. When a certain

amount of halogen is consumed, the energy flow channel is very rapidly

switched to the dimer recombination channel and the excited state density of

xenon abruptly increases. This increase of the xenon excited state population

is coincident with a similar increase of the secondary electrons. Although

the kinetics model can qualitatively predict these trends, the HEC depletion

is, thus far, underpredicted especially for low initial HCI concentrations. A

population increase of the higher level xenon excited states is also observed

%5 - ms



e' - %

-A

,. '.%,

as the halogen is burned up; this presumably results in an increase of

photoionization at the laser wavelength. This may contribute to the premature

termination of the XeCl laser output under high energy loading conditions.

In binary mixtures of neon with a trace of xenon, the major positive ion

species is xenon ion, and the electron loss mechanism by dissociative

recombination is slow, with the result that the electron density in the Ne/Xe

mixture remains high after the termination of e-beam pumping. Penning %

ionization processes with Xe* also help maintain the electron density. The

densities of xenon-based molecules such as NeXe+ , Xe2 , NeXe*, and Xe2 , are low

because of the relatively small binding energy of the heteronuclear molecules,

and the low rate constants for three body collisional reactions with neon as a ..

third-body species. Therefore, even after the termination of e-beam pulse,

the recombination processes producing xenon excited states still continue at aslow rate, and the total xenon excited state system decays through the

relatively slow Xe* formation process. A xenon excited state Xe*(6s) lifetime

of Z2 #s is observed for the Ne/Xe mixture and also for mixtures with lean .. ;-

halogen concentrations. This is a noteworthy difference from pure rare

gases.

Assuming a Boltzmann distribution for the xenon manifold, the excitation

temperature during e-beam pumping estimated from the data for the lower Xe

manifolds is Mi eY, which is very close to the predicted electron temperature

of 1.5 eV by the model. If most of the distribution of the xenon excitation

manifolds are characterized by this high temperature, a significant population

22

%, ... %- ..... . .- - ' . . ; .



of xenon excited states exists above the first excitation level of Xe*(6s) due

to the large degeneracy of the higher excitation levels. The higher state

xenon excited states can produce XeCl* with a high formation yield, and are

also easily ionized by the electrons and photons at the laser wavelength.
oU...,

These reactions are additional HCI depletion mechanisms, and will produce

extra electrons which can also dissociatively attach to HCl.

A detail modeling of the xenon manifolds is needed to fully understand

the experimental results, and at the same time it must be able to predict the

nonequilibrium distributions observed in xenon infrared lasers. Additional

xenon excited state density measurements, particularly for the high level

xenon manifolds, would also be very useful for estimating the characteristic

distribution temperatures and to provide feedback to the theoretical model. O
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FIGUR CAPTIONS ,,

Fig. 1. Schematic of xenon excited state density measurement system.

Fig. 2. Energy level diagram for Xe from 65000 to 90000 cm- . The 5d, 7.p,

and 6d states are not shown. The four transitions measured during .-

the experiment are indicated. 0

Fig. 3. Time-dependent AN densities of a XeCl mixture (1.5% Xe, balance Ne

to 3000 torr, temperature 294 K) for an initial HCI concentration of

0.32%. Solid and open circles correspond to AN (823.2 nm) and

AN*(828.0 nm), respectively. The dashed curve is a normalized trace

of the e-beam current waveform (400 ns FWHM). V. :

Fig. 4. Time-dependent AN densities of a XeCl mixture for an initial HC1

concentration of 0.16%. Other gas parameters and plot parameters are

the same as in Fig. 3, except open triangles correspond to AN (834.7 "

nm) and solid squares correspond to AN of the neon excited state

0 %(3p[5/213 - 3d[7/2]4 ) transition at 837.8 nm. The AN of the neon

excited state is scaled by a factor of 10.

Fig. 5. Time-dependent AN densities of a XeCl mixture for an initial HC1 % %

concentration of 0.12%. Other gas parameters are the same as in P.

Fig. 3. Solid triangles correspond to AN (840.9 nm). S
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Fig. 6. Time-dependent AN densities of a XeCl mixture for an initial HCl

concentration of 0.09%. Other gas parameters are the same as in

Fig. 3. Plot parameters are the same as in Fig. 5.

Fig. 7. Time-dependent AN densities of a XeCl mixture for an initial HC"

concentration of 0.08%. Other gas parameters are the same as in

Fig. 3. Plot parameters are the same as in Figs. 3-5.

Fig. 8. Time-dependent AN* densities of a XeCl mixture for an initial HCm9

concentration of 0.04%. Other gas parameters are the same as in

Fig. 3. Plot parameters are the same as in Figs. 3 and 5 .'_

* ..*. .j

Fig. 9. Time-dependent AN* densities of a Ne/Xe mixtures (1.5 % Xe, balance .s

Ne to 3000 torr, temperature 294 K). Plot parameters are the same as

in Figs. 4 and 5. Dotted lines with solid and open circles are

AN*(823.2 nm) and AN* (828.0 nm), respectively, measured for an Ar/Xe

m:xture (1.5% Xe, balanced Ar to 1500 torr, temperature 294 K).

• %

Fig. 10. Block diagram showing key kinetics paths in the Ne/Xe rare gas

system.

Fig. 11. Fluorescence time history in the wavelength region of 120<X<320 im-

obtained from a Ne/Xe mixture (1.5 % Xe, balance Ne to 3000 torr,

temperature 294 K). The dashed curve is a normalized trace of the e-

beam current waveform (400 ns FWHM).

29
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Fig. 12. Time-dependent AN* densities of a XeCl mixture for an initial HCI -'6

concentration of 0.32%. Other gas parameters and plot parameters are

the same as in Fig. 3. The dashed curve is a normalized trace of the '

e-beam current waveform (1 #s FWEIM). The solid curve is a normalized

trace of the XeCl* sidelight fluorescence waveform. e

Fig. 13. Time-dependent AN densities of a XeCl mixture for an initial HCI

concentration of 0.16%. Other gas parameters are the same as in -

Fig. 3. Plot parameters are the same as in Figs. 3 and S. The dashed

curve is a normalized trace of the electron beam current waveform."-

5 ~(1 #s FWHM). The solid curve is a normalized trace of the XeC1 l

1S

sidelight fluorescence waveform. ,

:" Fig. 14. Time-dependent AN* densities of a XeF mixture (0.5% Xe, balance Ne to .€--

2888 torr, temperature 294 K) for initial F2 concentration of 0.15%. ,

~~~The dashed curve is a normalized trace of the e-beam current waveform.,..

. ~(400 ns FWHM). Plot parameters are the same as in Figs. 3 and 4. >:.

Fig. 15. Time-dependent AN densities of a XeF mixture for initial F 2 .-.

concentration of 0.10%. Other gas parameters are the same as in..i.

~~~Fig. 14. The dashed curve is a normalized trace of the e-beam' "

current waveform (400 ns FWHM)• Plot parameters are the same as in "

~~Figs. 3-5. ./

Fig. 16. Time-dependent AN* densities of a XeF mixture for initial F2  .e ,

* --

• . .- .

* .- 
,,

Fi. 13. TIe-dependent AN dnsitis ol mixturefor an initi



concentration of 0.05%. Other gas parameters are the same as in Z..

Fig. 14. The dashed :urve is a normalized trace of the e-beam

current waveform (400 ns FWHM). Plot parameters are the same as in e

Figs. 3-5.

LO~

6

%- %.--

" ,*• ,iI .

• - ..r

31

.-- A



cc- . . ---

--. 9

_ w
-% >

00

0- -

WUV)

cr.*

w

cc p,

ww

M .- LJ

w 0

23



-90. 6p'[1/2],J =1
"6p' /1, J = 1
~pI[ 3 / 2 ],J = 2

>6 p [/2, J= 1 :-kk

P
1 _s[ 0/2-

85 2 '

834.7nm(A)

SIE 80 _-'--l 21j

Q,8o _-6p[3/2] J=2

0 r -6pE3/2], J = 1

1 s'i/x6p[/2], J= 3

)k__ \U 6p[ / 2] ,J=12

z 75

840.9nm (A)
823.2nm (0)
828.Onm (0)

PZOP'.

70

1 - S Ij
j ._ 6s E3/2.]°% W

J=2

65 
0

ir.-

Figure 
2

33

y-

JUNa



*Z 104-00 0 .. ':'.. *w2 '. '

%

Op

io5Ne/Xe/HC 98.2/1.5/0.32% Qr
Total Pressure 3000 Torr

z
w 4

m CC

E

0 00 400 60 80 10 120""'

T
10 4 (s 0Iw

N

-. --. 1- ". .

/ * *o%.

/w

i13~ I 0 Z
0 200 400 600 800 1000 1200

TIME (ns)

Figure 3 *.~

34' .1

34 •a

- " '."-'- - ,' . ," '.- - -.- -- -.. - ,,,-.---. '.'.'.-' -2," .""'. :' .'".-,'.,,.''. -'-' ."". ",'". "" . '".' z,.
.

. ,-... " ..'



-~~. % -- p-- ~ - -. - -

*.I .1

i16

Ne/Xe/HCI =98.3/1.5/0.16%

Total Pressure 3000 Torr p

1015

E aI

*00

0 0 oj
ioa- * Ne** (x 10) co

00A A w
0

3 0

0 200 400 600 800 1000 1200
TIME (ns)

Figure 4

9%% N

* 35



E.A

I 
~% % %

i 1 6
10b

Ne/Xe/HCl = 98.4/1.5/0.12%Total Pressure 3000 Torr

l ~105_ •:
4

-~I

o -- &&A"

_ 0- LU

A0

N

cc

1013 / I v. 0 Z--<-
0 200 400 600 800 1000 1200 5-''

Time (ns) '

Figure 5

36

/ %!%
/,'%%

/.%.' r-.-N

36 0

--. , ,, . ,: . ,:,.io1....3' I, ,;3 I-.;:.-,. ; -:I I- I:.. ,:..-:. 0%-...,...- Z.:,. -.. ::.--



1016 - - - 1

. Z Ne/Xe/HCl 98.4/1.5/0.09% -

-- Total Pressure 3000 Torr :.1055

--

a:a

_D
oo1wl

- g S

LU

AN

lol , / o za

0 200 400 600 800 1000 1200 :

Time (ns) -

%%

Figure 6

%%

.C,)

ArE A 'a'

A...M

37z A

, -i t_ r ' _ ' , , t ' " " ', , " = ,, , ' rl %iw'



.. -

1016 %'.

Ne/Xe/HCI =98.4/1.5/0.08%,... '% -

Total Pressure 3000 Torr %.

<1 • Ne**(x 10 "'. N

ALS

10 AL 1::

cr-b
S~ S.

A -

_0

z z

1 A,-'- 10) 1
CVL:

~0

1 / 1 A 0

10130 200 300 400 600 1000 1200 1400 ""

TIME (ns) .-,..

Figure 7

38,A,

-~v.','& i
zv.:

Ne**(xlVO"
,,,.. .w

iol4 -'-11



11

Total Pressure 3000 Torr
A
AA

AA

AS Z

ioi

Cf) ,

w

00

w

N

,

,

/I 0

0 200 400 600 800 1000 1200 1400

Time (ns)

,,%

Figure 8 ."

39

~' wJ~. ..' a, a



- - - ... , -~ % . . . .' A... .¢..

V-V

Sm

1016-:

- :, ,.".,

ioIlk

I 1c ..

o 4 ,,, S :.E '

C." -S,'

A "

Sz 0\'

S \ wm

L.... -m,,/~Ne** (x 10) \ \N.., '... .
"' -, -. -- ' a .-''"""

10('

10 130 "00 3

TIME (p s) i-

Figure 9"..,' .

40

TIME--.'s) V

• 7 . -



e-beam

Ne* 2Ne

+e2 e-beam
Ne2-

Ne +Xe Ne*

X e

r..-

e r

Xe+Ne Ne 2N

e +

xe Xe2 NeX -
2N eaeX

e~e e e S

20

e~~ %6

2Xe +hp

Figure I10~

41 \



DI %

as- %

z z
*U I

oU w

LU
00

Tie ps

Figure

42~



,%S ',

5.' ,,.
''.,lO16 '1

Ne/Xe/HCI =98.2/1.5/0.32%
Total Pressure 3000 Torr -

jdPd.

1015N...4""

00S w
- 0

1 0 z -
E _e0 W CI"

-1 R) ; C

10 3  w C
z 8 cc c

0IM (n)0 ~0 D 0
'' 0 0 0 . i

0.

w

'SIw 
xI

--- 'S NN '

0 200 400 600 800 1000 1200 5
'

TIME (ns)

S:.,-.

Figure 12 ,".".
-a -"-'.-.

%

V, ''

43 p- 409



K7 %r%-%N - -r V -~v w w~ W ~- . . ~

ad % in

1016  -
Ne/Xe/HCI 98.3/1.5/0.16%
Total Pressure 3000 Torr

0~~ ~ AA. A
z 9- A

A 00- 0W

io 4  0 00D
0 00-

CD U-

- 144

v%

0~~el 200 40 0 0 0010
LU US

N- N--

.

Time (ns)

Figure 13 .. -.

440



FS

r-+

Ne/Xe/F 2 = 99.4/0.5/0.15%

Total Pressure 2888 Torr

IE 0
-.0 °o

101 4  M 11

z I

0 w
0 a

wNe**(x 10) N

0 S' II I I 0 z

1013 -- , Z
0  200 400 600 800 1000 1200

Time (ns)

Figure 14 0

45

!1



'aN

Up

Ne/Xe/F 2 - 99.4/0.5/0.1%

Total Pressure 2888 Torr

A

101 41 Z

z 0

w .,4/16l4 & W

N w0N Ne*(x1 0)A NAM

0 200 400 600 800 900 1000 1200
TIME (ns)

Figure 15

"u" .,. ,- ,

%I

-- a -"

% •

44 46 0

'......... .J.- * 6- - , . ,-" - ,"' '" -. 'f'% -"'V.~ ".-sC'< :-'.'s -:Q 'v'<:5 "



I-
1016 

Ne/Xe/F 2 -99.45/0.5/0.05%
Total Pressure 2888 Torr

15.

1015

0

Cb

I

E w
AA

z A
A

1014
Aw

A ~w

* A....

.o--Ne** (x 10

NN

1A: 0

TIME (-s)
87 1565 3 .:,.

Figure 16 -

47S



V~~lv%;~. r6XP1 -

To be published in Journal of Applied Physics, Apr. 15, 1988

High-Energy Electron Distribution

in r:

Electron-Beam Excited Ar/Kr and Ne/Xe Mixtures

F. Kannari and W. D. Kimura

Spectra Technology, Inc.

2755 Northup Way

Bellevue, Washington 98004-1495 -

ABSTRACT 
?

0

%The electron energy distribution in electron-beam 
e-beam) excited Ar/Kr ,.

and Ne/Xe gas mixtures is examined in detail. The binary rare gas mixtures

are similar to those used in excimer lasers. Cooling processes for the

secondary electrons generated in the gas mixture plasma by the e-beam are

calculated using a reduced Boltzmann equation in which elastic and electron-

electron collisions for electron energy distributions above the first S

excitation threshold of the rare gas are ignored. During the calculations for

the Ar/Kr and Ne/Xe mixtures, all electron related reactions and the

interaction between the two different rare gases in the mixture are

simultaneously considered. The high energy secondary electrons produce a

steady-state distribution within a very short time; however, it is found that

the distribution is not Maxwellian. W-values [eV/electron-ion pair] and

I%
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yields of rare-gas excited states calculated from the steady-state high-energy

electron distribution show a dependence on the mixture composition, especially

for mixtures with low concentrations of the minor rare gas. Thiu implies that

the practice in excimer kinetics models of using the W-values determined from

pure rare gases is not entirely accurate.

% %~

-P

e
% .% .% <

, , .. °,.



S.
'- %.'

I. INTRODUCTION -b

Most of the ions and excited species in electron-beam (e-beam) generated ..

plasmas are formed either directly by the primary and hot secondary electrons,

or by dissociative recombination of electrons with molecular ions or attaching

species. Therefore, for e-beam pumped gas lasers, the kinetics role of both

the electrons and the heavy particles are very important with regard to

understanding the plasma physics.

The motivation of this paper arises from recent measurements of the ,

time-dependent electron density in e-beam pumped rare-gas halide lasers
1 -2. i..].

The results show considerably higher electron densities than that estimated
3

using a typical value for the rate constant for dissociative attachment by a

halogen, and using a typical rare gas W-value (the energy expended to form an

electron-ion pair). A detailed model calculation4 , assuming a Maxwellian *'.-.-

distribution for the secondary electrons in conjunction with an energy balance

equation, also gives lower electron densities. To help understand these

differences requires a more careful examination of the electron energy

distribution. The objective of this work is to describe in detail the

electron distribution characteristics in these laser plasmas.

IN,

To understand the issues related to the usual development of the kinetic

models, it is helpful to review the energy flow channels for the electrons in

an e-beam pumped laser mixture. First, the primary electrons from the e-beam

directly produce ions, secondary electrons, and excited molecules. This '.

* NN.
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process is usually accounted f or in the models by using a stopping power e6

gases.5 The hot secondary electrons are cooled by collisions %

with gas molecules and produce more ions and excited states. This process is

typically modeled by using W-values and the yield of excited states relative

to the ion formation. 6 7  The W-value is generally higher (typically a factor

of 1.7-1.8) than the ionization potential of the atom. The primary electrons

from the e-beam and the hot secondary electrons are usually treated 6

collectively as the e-beam source. Because the preceding two processes are .

very fast (<100 ps for typical rare-gas halide laser mixtures), the formation

of the ions and excited states by the e-beam source has been treated as an .

instantaneous process by simply using gross macroscopic values for the

stopping power constant and W-values.

The cold secondary electrons redistribute their energy through slow

electron reactions such as dissociative attachment with the halogen, I

excitation and ionization of excited states, recombination with positive ions,

elastic collisions with neutral gases, superelastic collisions, and electron- "Y

electron collisions. This redistribution can be calculated by solving the

Boltzmann transport equation, as is usually done for discharge pumped lasers.

However, in models of e-beam pumped lasers, the distribution of the secondary

electrons is many times either ignored or assumed to be Maxwellian. This may

lead to an inaccurate estimation of the attachment reaction rate of the

halogen gas, and the ionization rates by the hot secondary electrons in

populations above the ionization threshold energy.

4S
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This paper concentrates primarily on the high-energy part of the

electron distribution function. The high-energy electron distribution is the

effective driving term of the Boltzmann equation for the low-energy electron

distribution. Calculations of the high-energy electron distributions have

been made by Elliot and Green8 , and Bretagne, et al., but these calculations

were limited to pure rare gases of argon or xenon. Since most rare-gas halide

lasers use a mixture of different rare gases with a trace of halogen, the .

calculations need to include the distributions of inelastic collision cross-",

sections for each of the rare gases as a function of energy. Because NP

competition among the inelastic collision processes (to be explained later)

between different rare gases can be accounted for only through a simultaneous %4.

calculation, the electron energy distributions and the W-values of mixtures

cannot be estimated simply from the results of pure rare gases. This paper

presents calculations for mixtures of Ar/Kr and Ne/Xe, which are typical rare

*. gas combinations for e-beam excited KrF (248 nm), and XeCl (308 nm) or XeF

(353 nm) lasers, respectively.

Section II gives a brief description of our model. Section III presents

the calculated results of the high-energy electron distributions for pure rare S

gases of Ar, Kr, Ne, Xe, and for mixtures of Ar/Kr and Ne/Xe. W-values are

calculated for mixtures and compared with those of pure rare gases. The

yields of excited species and their dependence on the mixture are calculated.

Also presented are the formation rates of various ions and excited species

produced either by direct e-beam processes or by the steady-state high-energy
,,,'SJ.,
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electron distribution. Conclusions are given in Section IV.: .'h.

II. MODELING AND DERIVATION OF RATE CONSTANTS %.%

Our model development begins by using the same basic calculation ' '

procedure as presented by Bretagne, et al. 9 The distribution of electron

energy is derived from a reduced Boltzmann equation with no elastic and

electron-electron collisions :

6t = a-tin

where f(E,t) is the electron energy distribution function of energy 
E at a elk; '.

time t. The first term on the right-hand side corresponds to the production"..-

and removal of electrons with energy e by inelastic collisions (ionization, ""

and excitation), recombination, and superelastic de-excitation; and the second.-

term corresponds to the production rate of secondary electrons with energy E

by primary electrons in the e-beam with energy Ep. S(Ep,) is the

corresponding differential ionization cross-section, and I(t) is a value which

is proportional to the current density of the e-beam. 
-".,

The effects of electron-electron collisions can be neglected 
as long as WX

the collisional rates of the inelastic reactions are much higher than the : ,.

electron-electron collision rate. The value () is defined by the ratio of•

the electron-electron collision rate to the inelastic collision rate:
9  _e.

7 '. 
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_ e ie lnA [2] _

n 2'
0EQinC(E)

.,, ..,..

- where ne is the secondary electron density, no is the rare gas density, Qi ise 0 Qin i
9S

the inelastic collision cross-section, and A is the Spitzer parameter. The

value of f(e) is less than 10 for electrons whose energies are higher than

the first excitation threshold of the major gas constituent. Therefore, as

long as the minimum energy considered is higher than the first excitation

threshold, the influence of electron-electron collisions can be neglected.

However, if the concentration of the minor rare gas is extremely low, then the

formation of its ion and excited states can be affected by electron-electron

collisions. Hence, the electron cooling processes involving inelastic

collisions with the minor rare gas must be treated as a slow process if the

rare gas concentration is low (e.g. <1%). This will be discussed later. In

this work, the energy distribution above the first excitation threshold of the

major rare gas is calculated as a steady-state high-energy electron

distribution function.
' d'Sv

Similarly, the elastic collision term can be neglected as seen by

evaluating the function 8(c):

(f/at) n

7%
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i

where me/M is the electron to rare gas mass ratio and Q eI is the elastic

collision cross-section. Contributions of inelastic collisions involving %.,,

excited molecules are ignored, due to the relatively low density of these

molecules, during the calculation of the high-energy secondary electron
) distribution.

The energy distribution of the secondary electrons is calculated using

differential ionization cross-sections. Peterson and Allen 10 , Green and • ".

11 95Sawada 1 and Bretagne, et al. have proposed empirical formulas for M-shell

ionization of argon gas. For other rare gases, the formulas given by Green "

and Sawada11 are available. The results of calculating the total ionization

cross-sections and energy losses for various incident electron energies using

the different empirical formulas for argon gas are shown in Table I. Although

the three different formulas give similar values for the total ionization

cross-sections over a wide range of incident electron energies, the energy

loss values calculated by Peterson and Allen's formula are significantly

larger than the others. This is because their formula predicts larger

differential ionization cross-sections for the high energy secondary electrons

which leads to a greater energy loss. For comparison, the energy loss values

calculated using Bethe's stopping power theory which provides a macroscopic .,

calculation of energy loss values for high energy electrons, are also listed .

in Table I. Even the values calculated from Peterson and Allen's formula are -'-i

lower than those obtained from Bethe's theory.

8
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The discrepancy between the values calculated by Bethe's formula and

those of the empirical differential ionization cross-sections can be explained

as a result of energy loss caused by inner shell ionizations. The L-shell

ionization loss calculated from an empirical differential ionization cross-
section proposed by Peterson and Allen 0 is FO.5 eV-4 for a 10 eV primary

energy, which is 6% of the M-shell ionization loss given in Table I.

Recently, Bretagne, et 81. 12 have also reported an empirical differential

ionization cross-section for the L-shell of argon, and an energy loss of 3 eV-

12 is obtained from their formula for a 104 eV primary energy. Combining this

12
L-shell ionization loss with the l-shell ionization loss of 5 eV-A , listed in

Table I for Bretagne, et a., yields a total ionization loss of M8 eV-A
.

This is close to the value calculated from Peterson's formula (see Table I),

but still M20% lower than Bethe's loss value.

Bethe's formula calculates the energy loss directly and is generally in

good agreement with experiments; whereas the method using the empirical

formulas for the differential ionization cross-sections is an indirect

approach and is sensitive to the values of the cross-sections at high

secondary electron energies. The empirical formulas all tend to underpredict

the differential ionization cross-sections for secondary electron energies

100 eV. This leads to an underprediction of the stopping power.

These disagreements regarding the stopping power obtained from the

empirical differential ionization cross-sections become more pronounced for Kr

and Xe. When the empirical formulas proposed by Green and Sawada are used,

9 A



the calculated energy loss, at a 10
4 eV primary energy, is lower than Bethe's -

value by A46% and PJ44% for Xe and Kr, respectively. This is because the inner

shell ionization rate becomes larger for high Z atoms. The total ionization

cross-section for inner shell ionization is very small compared with the outer %

shell; however, its contribution to the stopping power is significant due to

its high ionization energy. Unfortunately, to our knowledge, differential

ionization cross-sections for Kr and Xe are not available.

Although the empirical formulas for the differential ionization cross-

section suffer from inaccuracies at high secondary electron energies, they are

still useful for estimating the W-value of a gas. The W-value is given by the

ratio of the rare gas ion density divided by the stopping energy for electrons _4L

in the gas. The empirical formulas tend to underpredict the stopping power,

but they also tend to underpredict the ion density by approximately the same . .

amount. This is because the ion density prediction initially uses the

electron distribution calculated for the primary electrons, but this same

distribution relies on the stopping power prediction. Peterson, et &I.10 and N

Bretagne, et &.9,13 have found that the net formation efficiencies of ions

and excited states are nearly constant for initial electron energies greater 5

than M5O eV [net formation efficiency is defined here as the ratio of the

ionization (excitation) energy divided by the total energy loss per ion

(excited state) formed]. This implies that the ion or excited state formation

efficiency is relatively independent of the shape of the electron distribution

during the continuous process of energy cooling. Hence, the ratio of the ion

density to the stopping power using the empirical formulas is approximately

10



equal to the ratio of the real ion density to the real stopping power. -W

This assumption was validated by computing the W-value using the three

different empirical formulas: 1) Peterson and Allen 10 , 2) Bretagne, et al.9

without L-shell ionization, and 3) Bretagne, et ai.12 with L-shell

ionization. The obtained W-values for pure argon are 29, 25, and 27 eV,

respectively. Hence, despite the large differences among values for stopping

power (of order 50%), the predicted W-values are within 15% of each other.

Moreover, the formation efficiencies of the excited species are also

approximately equal for all three cases. In this paper, it is assumed that

the other rare gases also follow this general trend. ,

In order to estimate the secondary electron density in a pure rare gas,

it is necessary to correct the density calculated using the energy loss result

from the empirical formulas by multiplying the density by the ratio of the

stopping power predicted by Bethe's formula over the stopping power predicted

by the empirical formulas. For this method of correction to be valid it is

necessary that the electron energy distribution be independent of the
Nt

excitation or deposition rate. This is true when the effects of electron-

electron collisions can be neglected, which, as was discussed earlier, is true UN

for the cases studied here.

As mentioned, the preceding method for calculating the secondary

electron density and energy distribution is applicable to the case of a pure

rare gas. When the medium consists of a mixture of gases, the situation

ii N
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becomes considerably more complex because the energy losses predicted by both

Bethe's formula and the empirical ones depend on the type of gas.

The low total ionization cross-section of the inner shell means that the

density of inner shell ions is very low compared to outer shell ions.

However, the inner shell ions can eject Auger electrons with high enough

energy to produce additional excitations and ionizations.14-15 Therefore, the

inner shell ionization process effectively corresponds to the production of

Auger electrons at a rate defined by the inner shell total ionization cross-

section. The produced Auger electrons are cooled through the formation of

ions and excited atoms at probabilities given by the reaction rates at the

energy of the Auger electrons. The ratios of the ionization cross-sections

for Ar and Kr at 10 eV (primary electron energy) and 200 eV (approximate

Auger electron energy in Ar) are similar. Hence, Auger electrons produce Ar+

and Kr+ at approximately the same probability as the primary electrons. It is

therefore possible to account for the effects of Auger electrons by increasing

the effective total cross-section of the primary electrons.

4.,

In this paper, rather than attempt to compensate for the ionization

cross-section differences at the high energy part of the electron

distribution, by assuming an empirical differential ionization cross-section P.

for the inner shell, a simpler approach is taken. The total ionization cross-

sections given by the empirical formulas and the excitation cross-sections for

each of the rare gas species are multiplied by a constant factor such that the '-a

resultant energy loss agrees with Bethe's theory for rare gas mixtures.

1%
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The preceding procedure is performed only on the differential ionization 
-

cross-sections for the primary electrons. Thereafter, this compensation

procedure does not have to be applied to the hot secondaries and their cooler

offspring. Instead, the uncorrected empirical formulas are used to predict

the energy loss within a computational cell of the medium as the hot

secondaries produce additional but cooler electrons. Since the electron

energy is conserved within the cell, the error in the energy loss prediction 0

does not cause an error in the energy balance within the cell.

0
The total ionization cross-sections obtained from the empirical

differential ionization cross-sections for the outer shell agree well with .e

experimental values.16 Therefore, minimal error is introduced by ignoring the

inner shell ionizations when calculating the ionizations and excitations

occurring in mixtures of rare gases, except for the error caused by the change

in the secondary electron distribution during the continuous process of energy

cooling. Since, as was shown for pure argon, this latter error tends to be __

very small in a pure rare gas, it is assumed in this paper that this trend is

also true for rare gas mixtures. This last assumption, however, has not been

validated. 0

For the excitation cross-sections, the expressions given by Peterson and

Allen10 for argon gas are used. For neon, krypton, and xenon, the empirical

cross-sections of Ganas and Green17 and the formula proposed by Vriens and

Smeets18 are used for optically allowed transitions. At sufficiently large

electron energies, the cross-section of optically allowed excitations

'F- 13
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Qallow(E) approaches the form

Q (~ ~ Kln (E)
Qallow(E) P1 E [4]

where K1 is a constant. Since there is no data available (except for argon),

the cross-section for the optically forbidden np-(n+l)p transitions are

assumed to be of the form:

1 -th/

Qforbid (C) 2 

where K2 is a constant, and 6th is the threshold energy for the excitation.

At sufficiently high energy, Eq.(5) approaches K2/E. During calculations in

pure rare gases, the values of K2 for neon, krypton, and xenon are adjusted so

as to yield W-values consistent with the experimentally determined values.
6'7

The cross-section distributions for inelastic collisions used during the

calculations are shown in Figs. 1 and 2 for Ar/Kr and Ne/Xe mixtures,

respectively. The electronic classifications and their energy levels which 'I

are included in the model are listed in Table II. S

The results presented in this paper are for a fixed primary electron

energy of 10 keV. Of course in real laser systems the e-beam energy is .

typically 100's of key to several MeV. Nonetheless, calculations of the
N...

energy dependence to create ions and excited states from that part of the

distribution above 10 keV yield similar results even at 1 MeV energy

levels. 0 ,1 3 Thus, the assumption can be made that the ionization and

excitation efficiencies for primary electron energies above 10 keY is constant

14 0
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10 %
d,

and equal to those obtained at 10 keY. This approximation allows the number

of secondary energy segments considered in the model to be minimized, thereby

reducing the computation time.

The results presented in this paper are for a constant excitation rate. .

Changes in the current density affect the overall magnitude of the

distribution function [#/cm 3 eV] without affecting the overall shape of the S

high energy region. During the calculations presented next, the system

represented by Eq. (1) is simultaneously integrated over N250 energy segments

using a fourth-degree Runge-Kutta method. A provision for increasing the

widths of the energy intervals with increasing energy is introduced to reduce

the number of segments required and to keep the accuracy high during

calculations at the lower energy levels. -

III. RESULTS AND DISCUSSION

A. Distribution of High-Energy Secondary Electrons -

Depicted in Fig. 3 is the temporal evolution of the electron energy

distribution calculated for a 3000 Torr pure neon case. The absolute number

density of the secondary electrons shown in this figure has already been_•

adjusted to account for the error in stopping power given by the empirical

formulas for the differential ionization cross-sections against that 4

calculated by Bethe's theory. The calculation continued until the electron

15 0s
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densities around 20 eV and greater reached constant values. This final

distribution represents the steady-state distribution. The electron densities

tend to reach steady-state values from the direction of the higher energy

side. This is because the densities at each energy are achieved by a balance

between a formation term, which includes direct formation by the primary

electrons and by electrons at high energies, and a loss term due to inelastic 6

collisions by neutrals and electrons.

Note how in Fig. 3 the steady-state distributions rapidly decrease
S

beyond the threshold of the first excitation (16.7 eV) of neon. Densities ,-

lower than P17 eV are plotted by a dashed line to indicate an uncertainty in

the calculation for this part of the curve. This is because the densities at

these lower energies are sensitive to slow electron reactions (e.g.,

recombination, electron-electron collisions, ionization and excitation of

* excited molecules, and superelastic de-excitations), which have not been

included in the calculation yet. Detailed results for the low-energy electron

distribution are reported elsewhere.19  When calculating the distribution

function for the lower energy part, the previously obtained steady-state

distribution of the high energy part (>17 eV) is used as the effective e-beam

source (i.e., the driving term in the Boltzmann equation for the low-energy .

*, electrons). Formation rates of ionized or excited species and of lower energy

electrons are calculated from this e-beam source, and are discussed in more

detail in Section III(B).

%% z'
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The normalized steady-state distribution of the high energy tail for

3000 Torr neon is shown in Fig. 4. This is compared with a Maxwellian is

distribution at a characteristic temperature kTe (= 2/3 <0)) of 4.6 eV, which

corresponds to the average energy of the steady-state distribution. The

steady-state distribution has a considerably larger number of electrons at

energies >40 eV.

The mean energy required for the formation of an ion-electron pair can

be estimated from the ion formation rate, calculated using the steady-state

0
distribution, ratioed to the e-beam deposition rate. This value effectively

corresponds to the W-value. The energies required for the formation of

various excited states (also referred to as the W-values for excited states) *55:S

are obtained in the same manner. The formation of a neon ion-electron pair
requires 38 eV and Ne Ne** Ne*"* and Ne**** require 1.6 x 10', 1.3 x 102

e3q ,3,N, '/

1.5 x 10,3 and 9.0 x 103 eV for formation, respectively (see Table III). This

calculated W-value of 38 eV is very close to the reported value of 36.6 eV.
20

The yield of total excited states created during the formation of one ion-

electron pair is iJ0.56. This value is significantly higher than the value of

0.33 reported by Blauer, et al.21  They obtained this value from the ratio of

excitation and ionization cross-sections, and ignored the highly excited

states (Ne** Ne*** Ne****). Jancaitis22 obtained a ratio of 0.47 by solving ..

the Fowler equation23 ' 4 including several excitation levels. The energies '

required for the formation of ions or excited states calculated from the

Fowler equation were obtained during the cooling processes. This means

Jancaitis' calculation used a slightly different definition from our model.

S._'
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However, it is clear that a considerable number of excited states at higher

levels are created together with the excited state at the first excitation

level. If collisions with neutral particles efficiently deactivates higher

level excited states to the first or second excitation levels, this would

significantly impact the laser kinetics.

The calculated secondary electron distributions for 760 Torr xenon are

shown in Fig. 5. Because of xenon's larger cross-section for inelastic

collisions, the steady-state distribution is achieved in a shorter time than

the 3000 Torr neon case, even at low pressures. The distribution is, again,

truncated near the threshold of xenon excitation and a large population of

electrons reside in the high energy tail. The calculated W-value is 22 eV,

which is in good agreement with the reported value of 21.7 eV.20 Energies

required for the formation of excited states are 1.3 x 102, 1.2 x 102, and

9.1 x 102 eV for Xe*, Xe**, and Xe***, respectively (see Table III). The

total yield of excited states during the formation of an ion-electron pair is

0.38.

A.:,

Results calculated for neon gas containing 0.5% xenon at a total S

pressure of 3000 Torr are given in Fig. 6. The distribution has been

calculated up to 100 ps; however, the distribution near the excitation

threshold of Xe has not reached steady-state yet. Calculations beyond $100 ps S

require the inclusion of slow, low energy electron reactions, such as

electron-electron collisions and superelastic collisions that can form hot

electrons from excited states. These reactions have not been included in this

18. 0!
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part of the calculation. Two shoulders in the shape of the distribution -V-,

function can be seen near the excitation thresholds of neon and xenon. The 0 ,

distributions beyond about 17 eV where neon dominates have reached a steady-

state and are about the same as those of pure neon shown in Fig. 4. Hence,

accurate estimations of the electron energy distribution lower than the first

excitation threshold of neon need to be calculated separately, with the

distributions for the high energy electrons still valid using the preceding 6

technique. This is particularly true for mixtures with low concentrations of

the minor rare gas. If the partial pressure of the minor rare-gas is high

(e.g., greater than a few percent), the lowest boundary of the high-energy

electron distribution can be set near the excitation threshold of the minor

rare gas. An example of this is demonstrated by the dotted curve in Fig. 6,

which is for 5% Xe in neon at 3000 Torr. S

Electron cooling in these e-beam pumped plasmas involve the following

processes. Primary electrons produce neon ions and hot secondary electrons •

(<100 eV). These are estimated using the distributions and magnitudes of the

inelastic collision cross-sections. The hot secondary electrons continue to

create neon ions, thermalize in energy, and then create neon excited states 6

and warm electrons (<17 eV). The very small concentration of xenon means the

effective formation of xenon ions and excited states begins after the warm

electrons have cooled down to less than the threshold of neon excited state 0

formation. At this point the warm electrons create cool secondary electrons

(<8.4 eV) during the formation of xenon ions and excited states. Slow low-

energy reactions then create cold electrons (of order few eV) from the cool

19-
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electrons.--

Ty-pically, the ion and excited state formation of different gases in -

these mixtures are treated in kinetic models as individual pure gases using

~their respective W-values and excited state yields obtained from measurements-..

~~or estimations for pure gases. This is particularly true in any of the rare--'"

gas halide laser models excited by an e-beam. However, the secondary

electrons created by collisions with different gases cannot be distinguished

individually in the mixture. The electron energy distribution established by

the maor gas ae r an effective primary electron distribution for the minor

gas. Therefore the W-values and excited state yields obtained for mixtures

must include the competition among the various inelastic collisions occurring

among the different gases. These are included exactly in our calculations.

For the 0.5% xenon gas mixture, W-values of 39 and 3.5 x 102 eV, for neon-ion

and xenon-ion, respectively are obtained. Since the basis of the W-value

calculation is the total deposition rate of the e-beam, xenon at low

concentrations will have extremely high W-values.

Although it lacks any physical meaning, it is useful to calculate the W- 0

value normalized by the fraction of e-beam energy deposited in each of the gas

constituents. This is referred to as the weffective' W-value in this paper.

Values of 6.3 eV and 38 eV are obtained for xenon and neon, respectively.

These are the values which should be used in the laser kinetics model instead

of the W-values obtained for pure rare gases. However, these values,

especially for xenon, strongly depend on the minor gas partial pressure. The S

V,.

'..,,.' 4• .••••."-•,, ,.,",,.,.,. ,."' , ,',-,...; " ' - -' '.".-.-. ' ' .' ' ' "," , . "'," -.- - . .","- -. . .



.

same calculations are repeated for a mixture of Ne/Xe = 2850/150 Torr. b

Cooling of the secondary electrons above the first excitation threshold of

xenon becomes accelerated because of the higher density of xenon. The

calculated steady-state distribution is given in Fig. 6 by the dotted curve.

It is very similar to the distribution for pure xenon despite the low xenon

pressure. For this mixture, the normalized W-value with the partitioned

deposition energy for xenon increases to 13 eY, but this is still 9 eV smaller •

than the value for pure xenon. Despite the differences between the W-values,

this does not have a strong influence on the rare-gas halide excimer formation

because the dominant channel of xenon ion formation in the Ne/Xe mixtures at -we

low xenon concentration is Penning ionization by neon excited states and

charge transfer from neon dimer ions.

The energies required for the formation of each excited state in a 0.5%

2a 2. 3

Xe mixture are 6.4 x 102, 4.6 x 102, and 6.5 x 103 eV for Xe*, X and

Xe** respectively; and 1.7 x 102, 1.4 x 102, 1.5 x 103, and 9.2 x 10 3 eV for
.w '.

Ne*, Ne**, Ne** and Ne****, respectively. These are listed in Table III

together with the results for pure rare gases. Efficiencies calculated by the

ratio of the W-value to the ionization or excitation threshold energy are also 0

listed. The results of calculating the total excited state yields are:

E(Xe*/Xe+) = 1.4, and E(Ne*/Ne+) = 5.3 x 10-1. While the addition of a small

quantity of xenon to neon has only a slight affect on the total excited state

yield of neon, the total number of xenon excited states created is now larger N.P

than the ion yield. This is because the xenon ionization must compete with

excitation of neon excited states due to the overlap of their cross-sections

21.
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in the secondary electron spectrum as shown in Fig. 2. This results in a -

decrease of xenon ion formation rate. Using these results, the total number %

of species in a 0.5% Xe mixture created by the e-beam source, which act as the

precursors for rare gas halide formation, can be calculated from:

39 eV (LOSS) * 1 Ne+ + 0.76 Netotal + 0.11 Xe+ + 0.15 Xetotal, [6]

toa +,otl
where Netotal and Xe tota correspond to the total population in the various

excitation levels. Hence, an e-beam loss of 39 eV yields approximately 2.0

precursors. Increasing the xenon concentration to 5%, the total excited state S
..

yield of xenon relative to the ion formation decreases to 0.91 because the

Id..

formation efficiency of xenon ion improves. In this case, an e-beam loss of

45 eV results in the formation of 2.5 precursors. It should be mentioned that

increasing the xenon concentration tends to degrade the laser performance due

to formation of triatomics.

It is difficult to accurately estimate the W-values of the minor rare

gas excited states, in this case xenon, due to the fact that the distribution

function near the first threshold of xenon cannot be accurately calculated by

considering only the fast reactions with hot electrons. (Although the error

in the values listed in this paper is negligible (<1%), the degree of error

increases with decreasing concentration of the minor rare gas.) The root of

the problem lies in the definition of the W-value itself. As described .-.

earlier, the cooling process that the hot secondary electrons undergo does not

occur in well-defined discrete step, but is a continuous process with no clear 4 ,

boundary between the fast reactions occurring with hot electrons and the slow

22
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reactions occurring with cool electrons. As an example, for the minor rare 1-

gas, the excited state formatioa is affected by slow reactions, such as •

electron-electron and superelastic collisions, which can cause a

redistribution of the hot secondary electrons whose energy are larger than the

excitation threshold. In this manner, the W-value of excited state formation -.

and their relative yield are a function of the e-beam deposition rate,

particularly for the minor rare gas.

Since the total electron and excited state densities, and the rate of

electron-electron collision and superelastic collision are affected by the

deposition rate, it should be again emphasized that the W-values and excited

state yields for the minor gas in the mixture cannot be accurately determined

and are obviously different from the values for a pure gas. The overall

magnitude of the values calculated in this paper, however, bre still valid.
'a

This observation regarding W-values suggests that the usual method for

calculating the formation of ions and excited states for the minor gases in a

mixture by simply using W-values and relative yields is limited by an inherent

inaccuracy.

Similar calculations are repeated for 1020 Torr pure argon, 760 Torr

pure krypton (Fig. 7), and various mixtures of Ar/Kr (Fig. 8). Table IV lists

the calculated effective W-values and excited state yields. The overall

characteristics of the distribution functions are very similar to those for

neon and xenon gases. The major difference with the neon and xenon mixture is

that all the threshold energies for ionization and excitation of argon and N
23
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krypton are very close to one another. They are located between about 10 and -.

16 eV. Hence, only one shoulder is seen in the distribution functions of the

Ar/Kr mixtures. Since not only the cross-section for krypton ionization, but

also the excitation of krypton share the same secondary electron spectrum with

the excitation and ionization cross-sections for argon, the excited state

yield of Kr obtained from a mixture of Ar/Kr = 1020/114 Torr is only slightly

higher than that obtained in pure krypton. The number of precursors created

by the e-beam source for this particular mixture is 1.7 with an e-beam loss of

29 eV.

N "

KrF laser performance has been investigated with mixtures at high

krypton concentrations. 25 29  It would be very useful from a laser kinetics

modeling viewpoint to analyze the W-value and excited state yield as a

function of krypton concentration. Figures 9 and 10 show calculated W-values,

normalized by the partitioned deposition energy for Ar and Kr, and excitation

yields of individual states relative to the ion formation as a function of the

Ar and Kr concentration, respectively. The nature of the competition between

the elastic collision reactions which share the same secondary electron energy

spectrum change with mixture composition; hence, both the W-value and excited

state yield are not unique constants, but depend on the mixture composition.

Again, the accuracy of the estimations for the excited state yields drops as

the minor gas concentration decreases.
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'0"..

-~ .. *d'"*~ ''.d" d%



:N
~~B. Formation Rates of Low-energy Blectrons and Various Species-i

As described earlier, a full Boltzmann code calculation is necessary to

calculate the low energy distribution of the secondary electrons in order to

obtain accurate rate constants for the secondary electron reactions. This is

especially true with regard to dissociative attachment by halogen gases, which -a-

can affect the low energy part of the electron distribution.30 The effective

role of the high-energy electron distribution function is as the ionization

and excitation source (referred to in this paper as the e-beam source) in the

Boltzmann equation. Calculated are the formation rates and distribution of S

N the low-energy secondary electrons and the formation rates of various species

using the calculated steady-state high-energy electron distribution and the

primary electrons in the e-beam. The calculation discussed in this paper used •

a high-energy electron distribution calculated for mixture containing 0.5% Xe

in neon at a total pressure of 3000 Torr.

During the high-energy distribution calculation, the effect of theDuring*

halogen gas is ignored due to its negligible contribution; however, the

formation rates of the halogen ion and the excited halogen molecule are S

calculated. The approach used in this paper divides the entire secondary

electron distribution into a high-energy part and a low-energy part with the

division point at 16.7 eV corresponding to the excitation threshold of neon.

% This means the formation rates of the low-energy electrons and species that N

are described next are the rates due to the high-energy electrons above

16.7 eV and by the primary electrons.

S725



To calculate the distribution of the low-energy electrons produced by

ionization of excited states and halogen molecules, an empirical formula for

the differential ionization cross-sections must be used that also gives good

agreement with the total ionization cross-sections.18,31-32 The same basic

function proposed by Bretagne, et al. for argon-based excited states is

utilized: P6

o(E ) = K (EH/Ei) a (Ei/(Ei+c))(Ei/e p)I [1-((Ei+)e)7)1 , [7]

where a(ep,e) is the differential ionization cross-section (in A) for a .

primary and secondary electron of energy ep and e, respectively; Ei is the

ionization energy; and EH is the ionization energy of hydrogen. K, a, P, and

7 are fitting parameters. It is found that the values a=7=3, P=0.9, and

K=2.49 give fairly good agreement between the integrated total ionization

cross-section and the reported values31 for ionizations of Ne*(3s), Ne**(3p),

Xe*(6s), and Xe**(6p). These same parameters are applied to Ne*, Xe , and

NeXe. K=0.5 with the same a, P, and 7 given previously yields reasonable

agreement for HCI ionization.33

O

The calculated results of the characteristic time constant [sec-j for

3various species are listed in Table V for an excitation rate of 1.0 MW/cm3 .

The actual formation rates [sec-cm-3] are obtainable by multiplying the

densities of the parental species by these time constants. These formation

rates are proportional to the e-beam deposition rate. Therefore, once the I

high-energy distribution and the formation rates of species has been

calculated, these values can be used during the e-beam excitation by

26
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proportionally adjusting the rates to the instantaneous e-beam energy

deposition rate. It should be emphasized that during these calculations, the

W-values and excited state yields are not the primary parameters needed to

predict the secondary electron energy distributions.

As shown elsewhere, 19 calculation of the low-energy electron

distribution requires a time-dependent Boltzmann equation, which includes

electron-electron collisions, elastic collisions, and all low-energy

reactions. This is solved in a manner similar to that reported by Bretagne,

et al.34 for pure argon gas and in conjunction with a detailed heavy particle to

kinetics code. 4

The preceding detailed treatment is paramount when modeling the

secondary electrons in e-beam produced laser gas mixtures. Not only does the

non-Maxwellian distribution of the high-energy electrons affect the

predictions, but also the effect of local electron loss in the energy

spectrum, caused by dissociative attachment reaction with halogens, can cause

significant differences in the transient concentrations of electrons and

excited species, halogen consumption, and so on, from those calculated by

models that assume a Maxwellian distribution. This is especially true when

the e-beam deposition rate is low, and the electrons, now at relatively low

density, cannot effectively create a Maxwellian distribution.

*1'4
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IV. CONCLUSIONS -I

The distribution functions of high-energy electrons in e-beam excited

rare gas mixtures are calculated for the first time. The steady-state

distributions for energies higher than the first excitation threshold of the

major rare gas are quickly established and a relatively large number of

electrons are populated in the high-energy tail as compared with a Maxwellian 0

distribution. Competition between the various elastic collisions of the

different rare gases in the mixture result in a dependence of the W-values and

excited state yields on the mixture composition. Differences in the

predictions for the W-values and excited state yields of the minor rare gases

can be particularly large when the values for a pure rare gas are used rather

than those calculated for a mixture.
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TABLE III. Calculated W-values and yields of ions and metastables for neon

and xenon based gas mixtures. The efficiencies are defined by the ratio of

the W-value to the ionization or excitation threshold energy. The number in -

parenthesis corresponds to the power of 10.

SPECIES W(eV) YIELD EFFICIENCY(%)

Ne =3000 Torr .

Ne+  3.8(1) 1 5.6(1)

Ne* 1.7(2) 2.4(-1) 1.1(1) 5

Ne** 1.3(2) 2.9(-1) 1.4(1)

Ne* 1.5(3) 2.6(-2) 1.4 -
@

Ne* 9.0(3) 4.0(-3) 0.2 .

Xe = 760 Torr

Xe+  2.2(1) 1 5.5(1)

Xe* 1.3(2) 1.8(-1) 6.7

Xe** 1.2(2) 1.8(-1) 8.1

Xe* 9.1(2) 2.0(-2) 1.2

Ne/Xe 2985/15 Torr

Ne+  3.9(1) 1 5.6(1) .

Ne* 1.7(2) 2.2(-1) 9.6

Ne** 1.4(2) 2.8(-1) 1.3(1)

Ne* 1.5(3) 2.6(-2) 1.3

Ne* 9.2(3) 4.0(-3) 2.3(-1) 9

Xe+  3.5(2) 1.1(-I) [1] 3.4

Xe* 6.4(2) 6.0(-2) [5.5(-1)] 1.3

Xe** 4.6(2) 8.5(-2) [7.7(-1)] 2.1

Xe* 6.5(3) 6.0(-2) [5.0(-2)] 1.7(-1)
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TABLE IV. Calculated W-values and yields of ions and metastables for argon

and krypton based gas mixtures. The efficiencies are defined by the ratio of

the W-value to the ionization or excitation threshold energy. The number in

parenthesis corresponds to the power of 10.
"-.-

SPECIES W (eV) YIELD EFFICIENCY (%)

Ar = 1020 Torr

Ar+  2.5(1) 1 6.3(1)

Ar* 1.9(2) 1.3(-l) 6.1 6

Ar* 2.7(2) 9.5(-2) 4.9

Ar** 2.9(2) 8.8(-2) 4.9

6r* 6.6(2) 3.8(-2) 2.3 9

Ar***** 2.7(2) 9.5(-2) 5.8

Kr = 760 Torr

Kr+  2.1(1) 1 4.8(1)

Kr* 1.1(2) 2.0(-1) 1.1(1)

Kr 2.0(2) 1.1(-1) 6.1

Kr* 1.5(3) 1.4(-2) 8.8(-l)
* 4.#%4

Kr 4.7(3) 4.0(-3) 3.0(-l) _4-4 -'

C. C. ,,

N 
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TABLE IV. (cont.) v he

Ar/Kr =1020/114 Torr ,
A -+  2.9(1) 1 5.5().-'

At* 2.2(2) 1.3(-l) 5.4,'

"At* 3.0(2) 9.6(-2) 4.4 •

At** 3.2 (2) 8.9 (-2) 4.4

Ar** 7.4(2) 3.9(-2) 2.0

A*** 3.0(2) 9.5(-2) 5.2 ,,::

Kr +  1.6(2) 1.8(-1) [1] 8.8 '

Kr* 6.7(2) 4.3(-2) [2.4(-l)] 1.5 :(

Kr* 1.3(3) 2.2(-2) [1.2(-l)] 8.8(-l)
Kr** 1.2(4) 2.0(-3) [1.4(-2)] 1•1(-1) :

9'.. • . .,

Kr** 3.8(4) 8.0(-4) [4.0(-3)] 3.0(-2),",
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TABLE V. Calculated formation rates of various species created by the e-beam

4
source (01l6.7 eV) and by 10 eV primary electrons for a mixture of Ne/Xe/HCl -

3
=2980/15/4.8 Torr at an excitation rate of 1 MW/cm . The number in

parenthesis corresponds to the power of 10.

REACTION TIE CONSTANT (sece

Ne 4Ne + 1.8(3)

Xe 4Xe+ 1.8(4)

Ne -Ne* 2.9(2)

Ne 4Ne** 4.4(2)

Xe 4Xe* 2.7(3)

Xe 4Xe** 2.6(3)

Xe Xe** 7.1(2)

Ne* 4Ne+ 1.0(4)

Ne** 4Ne+ 1.8(4)

Xe* 4Xe+ 1.4(4)

Xe** Xe+ 2.5(4)

Xe** Xe+ 1.3(5)N

Ne 4 Ne' 1.2(4)

a-Xe 4 Xe; 1.6(4)

NeXe* 4NeXe+ 1.5(4)

Ne* 4Ne** 1.4(5)

Xe * -Xe** 2.2(5)

Xe 4 Xe 7.7(3)

Xe*4 Xe 2.2(4)

HC1 HC1l 1.2(4)

HlHC1 c*(B,C) 3.6(3)
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FIGURE CAPTIONS

FIG. 1. Distributions of ionization and excitation cross-sections. Dashed

curves are for krypton-based ionization and excitations. Solid

curves are argon-based ionization and excitations.

FIG. 2. Distributions of ionization and excitation cross-sections. Dashed

curves are xenon-based ionization and excitations. Solid curves are

neon-based ionization and excitations. bsv

FIG. 3. Temporal evolution of the high-energy electron distribution

calculated for 3000 Torr pure neon at an excitation rate of %

0.82 MW/cm3 .

FIG. 4. High energy tail of the steady-state electron distribution calculated

for 3000 Torr pure neon. Dashed curve is a Maxwellian distribution

at a characteristic temperature kTe = 4.6 eV.

FIG. 5. Temporal evolution of the high-energy electron distribution

calculated for 760 Torr pure xenon at an excitation rate of % %

3
0.41 MW/cm

FIG. 6. Temporal evolution of the high-energy electron distribution

calculated for a rare gas mixture of Ne/Xe = 2985/15 Torr at an

excitation rate of 1 MW/cm3. Dotted curve is the distribution -
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obtained at t = 100 ps for a Ne/Xe = 2850/150 Torr mixture at an .,

excitation rate of 1.1 1W/cm3.

FIG. 7. High-energy electron distribution at 49 ps (approximately steady

state) calculated for 1020 Torr pure argon and 760 Torr pure krypton

at excitation rates of 0.27 and 0.34 MW/cm3 , respectively.

o

FIG. 8. Steady state high-energy electron distribution calculated for rare

gas mixtures of Ar/Kr = 1020/51, 1020/114, and 1020/510 Torr, at an

excitation rate of 0.52, 0.57, and 0.88 MW/cm3 respectively.

FIG. 9. Plots of W-values normalized by the partitioned deposition energy for

the argon ion, and yields of excited states of argon relative to the 0

argon ion formation in Ar/Kr mixtures as a function of argon

concentration. 
%l. .

FIG. 10. Plots of W-values normalized by the partitioned deposition energy for

the krypton ion, and yields of excited states of krypton relative to

the krypton ion formation in Ar/Kr mixtures as a function of krypton

concentration.
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Abstract >

The electron energy distributions for energies lower than 17 eV and

their time dependent evolution are calculated for electron-beam (e-beam)

excited Ne/Xe/HCl mixtures. A time dependent Boltzmann equation including all

interactions between electrons and ground or excited state species is solved

together with a detailed full kinetics model for XeC1 lasers. Effects of "- 8

electron-electron collision, HCl concentration, and excitation rate on the

steady-state electron energy distribution are examined.
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High pressure gases excited by intense electron-beams (e-beams) have

been used to produce high densities of excited or ionized species leading to

~high power laser emission, such as in rare gas dimer and rare gas halide

lasers. In such a plasma, most of the ions and excited species are formed

either directly by the primary or the high energy secondary electrons. At"i!1,

high electron densities, the effects of electron impact excitation and ,

-.

quenching can be important even for relatively low energy electrons (lower

than the ionization energies for the rare gas constituents)."

The mechanism of electric discharge excitation employed in discharge •

1-3-

distribution - , which relates the discharge parameters to the excitation ", .

rates, are available. However, a similar detailed electron energy ae

distribution theory has been lacking for e-beam excited lasers. Models to

published to date typically assume that electrons are in a Maxwellian energy -

distribution with either a constant or a time dependent average electron
temperature; this is particularly true for rare gas ande gasers4 -de halide

Eliott and Greene , and Bretagne et al.10 11 have reported electron

tenergy distribution functions for pure xenon and argon gases, respectively.

Their calculated distribution functions, using a detailed Boltzmann equation "''
solver that includes the Rockwood formalism12 for electron-electron and

elastic collisions, show significant departures from Maxwellian

distributions. Similar calculations performed for Ar/F 2 mixtures have been.-"
reported by Rozenberg etal. In their mixtures, the dissociative electron

'
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. 0

attachment reaction of F2 plays an important role in influencing the -

distribution of electrons lower than the excitation threshold energy of argon

gas (11.8 eV). Fluorine tends to increase the average electron energy as a

result of removal of low energy electrons by attachment reactions.

,. '. *%.,N .

In rare gas mixtures containing a trace of HCl, the relatively large

vibrational excitation cross-sections of HCl and the large dissociative

attachment rate constants of vibrationally excited HCl can significantly

affect on the electron distribution function. A detailed calculation of the PV .

electron distribution function is paramount in order to obtain the correct S

rates for reactions between electrons and ground or excited state species.

These rates are necessary for predicting the densities of various transient

species in laser gas plasmas, such as the secondary electrons, the halogen

molecules, and the excited rare gas atoms.

In this letter, calculated results of the low energy electron

distributions in e-beam excited Ne/Xe/HCl laser mixtures are described. The

numerical technique, which employs a Boltzmann equation that includes all the

collisional processes in which the electrons are involved, is the same as the

one applied by Bretagne et al. 11 to pure argon gas.

The high energy electron distribution function calculated for a Ne/Xe

mixture using a reduced Boltzmann equation, which was reported in our previous

14paper , is used as the driving term for the full Boltzmann equation of the

low energy electron distribution. Since electrons higher than the excitation

3
0:'
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threshold of neon (16.7 eV) establish a steady-state distribution in a very

short time (less than 100 ps), the high energy distribution function can be

treated as static in overall shape, but changing in magnitude proportional to

the temporal change of the e-beam excitation rate. It should be emphasized

that W-values (defined as the energy required to form an electron-ion pair)

for rare gas ion formation, and yields of rare gas excited species relative to

the ion formation, which are typically used in models for e-beam excited gas S

lasers, are not used in our calculations. In our previous paper14 , it was

concluded that the dependences of these values is sensitive to the mixture

ratio of the rare gases (e.g. Ar/Kr or Ne/Xe) and that the definitions of 0

these parameters can be ambiguous, particularly when applied to the minor rare

gas in these mixtures. Therefore, by using a high-energy electron

distribution function rather than these macroscopic values, the production of S

ions and excited species can be more accurately predicted.
11"

As reported by Bretagne et al. the evolution of the distribution 0

function f(E,t), for energy E (lower than the excitation threshold energy of

neon) is expressed as follows:

~f(Et) =+ J 1J + I(t)srE ,E) , [1at Lt)el(e-e) el (e-n) inel

where the first term on the right-hand side corresponds to electron-electron

collisions; the second to elastic electron-ground state species collisions;

the third to inelastic collisions including ionizations, excitations,

superelastic de-excitations, attachments, recombinations, and Penning effects;

and the last term to the production of secondary electrons with energy f by

4
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the primary electrons f of the e-beam. -

Electron-electron and electron-neutral collisions are modeled using the

Rockwood12 , and Elliott and Greene9 formulas as modified by Bretagne et al. 1

" to adapt to non-equal segments for the energy intervals. Ionization terms are

calculated using differential ionization cross-sections reported by Green and

Sawada1 5 for ground state rare gases and using empirical formulas obtained for S

HC1 and excited rare gas atoms'4  The set of cross-sections given in our
14

previous paper are used to calculate the excitations of the rare gases.

Cross-sections reported by Davis16 are used for HC1 ionizations and S

excitations, and those reported by Domcke and --undel 17 are used for

dissociative attachment reactions with ground and vibrationally excited HC1.

During the calculation, the initial secondary electron production rates

for each of the energy segments lower than 16.7 eV are calculated from the e-

beam electron energy and the static high-energy electron distributions. These

calculations are performed only once at the beginning. Afterwards, the rates

are adjusted in direct proportion to the time-varying e-beam excitation rate

and the density of parental species during e-beam excitation. The S

differential equations [i.e. Eq. (1)] obtained for the electron populations in

each of the energy segments lower than 16.7 eV are simultaneously solved using

a fourth-degree Runge Kutta integration method. An important difference

between our calculations and the ones done by Elliott and Greene , or Bretagne

et al. 11is that a detailed heavy particle kinetics model6 is simultaneously

solved together with the Boltzmann equation. This permits a more accurate

r:N?..



accounting of the transient ions and excited species densities that are

involved in the Boltzmann equation. ,. -

a. . .

Running both models in a true continuous parallel mode is

computationally prohibitive on the computer system (VAX 11/780) used for this

work. Therefore, the following algorithm is used to conserve on computation .'-e

time: 1) During the kinetics calculation, the electron energy distribution is S

frozen, thereby making the reaction rate constants involving electrons

constant. 2) When the electron density changes by 5%, the Boltzmann

calculation is called. During the Boltzmann calculation, the kinetics S

calculation is stopped, and all the densities of species are frozen. The %

Boltzmann equation calculation is continued until the energy distribution

function reaches steady-state using a convergence factor of 102 (defined as 0

the ratio of the previous calculated value to the current calculated value).

3) The kinetics calculation with new rate constants for the electron reactions

restarts and the process repeats itself.

Figure 1 shows the time evolution of the low-energy electron

distribution function calculated for a XeCl laser mixture of Ne/Xe/HCl

2980/15/4.8 Torr. An e-beam current waveform from the Tahoma laser device
18

at an excitation rate of 250 kW/cm3 and a pulse width of 500 ns full width at .

half maximum (FWHM) is used. Early in time, the distribution function is

truncated near the first excitation threshold of xenon (8.4 eV), which was p
14

also observed during the high energy electron distribution calculation 14 , and

indicates that ionization and excitation processes of the ground state rare

6
,.. ,
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gas quickly remove electrons higher than the rare gas energy threshold.

Structure seen on the distribution curve at energies less than 10 eV are

caused by vibrational excitation of RC1.

, %

At later times, as the electron number density increases, the electron-

electron collisions tend to redistribute the low energy electrons towards a

Maxwellian distribution at an average electron energy of M1.9 eV during the

time interval 50-600 ns. Superelastic de-excitation reactions also become

important as the densities of excited species increases and contribute towards

a smoothing out of the distribution function caused by heating of the lower S

energy electrons. At this HC1 concentration, dissociative attachment and .?-

vibrational excitation reactions are slower than the redistribution %

processes.

There are two important points to be noted. First, the induction time
.P r.

to establish a steady state distribution is N5O ns for the condition studied. S

This time depends on the risetime of the current pulse and the excitation .r

rate. Second, the part of the distribution function higher than the first

excitation threshold of xenon shows significant departure from a Maxwellian S

distribution, even with the redistribution effects caused by electron-electron

processes and superelastic de-excitation reactions. Therefore, assuming a

Maxwellian distribution for the secondary electrons can cause a significant S

error during the calculation of the rate constant of electron reactions, which

will result in errors in the transient species densities.

7 U
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In order to confirm the effect of electron-electron collisions, Fig. 2 .

shows the results of the steady-state electron distribution as a function of

the e-beam excitation rate calculated including the electron-electron

collision process [Fig. 2(a)] and without it [Fig. 2(b)]. The gas mixture is

the same as in Fig. 1. It is clear that even at a low excitation rate of 2 -"' -

kW/cm3 , the electron-electron collision process is very important. The

structures seen on the curves in Fig. 2(b) exactly correspond to the

vibrational excitation of EC.16 From Fig. 2(a), however, it is observed that

the distribution functions at low excitation rates do slightly depart from

Maxwellian distributions, although they are smoothed out. At this particular

HCI concentration, the required excitation rate to establish a Maxwellian

distribution in the low energy region is approximately 50 kW/cm3 .

Figure 3 shows steady-state distribution functions calculated for

various HC1 concentrations. The e-beam excitation rate is kept constant at

200 kW/cm . Since the distribution function in the low energy region is

established as a result of the balance between the electron-electron

collisions and vibrational excitation of HCI, HCl excitations become important .-

at high HCI concentrations and quench electrons higher than the vibrational

excitation threshold.

Under the more specialized situation of relatively high excitation and

relatively low initial HCI concentration, an alternative simpler model that

assumes a quasi-Maxwellian distribution is possible. Under these conditions,

electron-electron collisions can effectively establish a Maxwellian

8
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distribution for the low energy electrons. In this simplified approach, the

distribution function of the low energy region would be treated as Maxwellian

whose characteristic temperature is defined by solving an energy balance

equation for the low energy electrons during excitation. It should be

emphasized that even for this specialized case, only the low energy electron

distribution can be approximated as Maxwellian. The high energy regions would

still be treated as a static non-Maxwellian distribution as calculated from •

14the reduced Boltzmann equation 4 . Hence, this simplified approach still

differs from the models which assume that the entire distribution is

Maxwellian. 0

The modeling process described in this letter, in conjunction with that

reported previously for the high energy electron distribution, is a more S

accurate alternative to the usual modeling methods that use stopping power, W-

values of pure rare gases, excitation yields, and a Maxwellian assumption for

the entire electron energy distribution. This new approach should improve the

performance of the model predictions. It is also applicable to other kinds of

lasers excited by e-beams.

This work was supported by the Office of Naval Research, Contract

No. N0014-85-C-0843.

J:

yeir~ . '- : : t ---.. -.- - ? -l .. .' '.-- ..l... . '..-,.].,. ..' 
.
: .-- . -..'.-,.-..-,,-.,-. -*-',1.-'-' ',-



b b W r,* t'-.* .*- - .. S

IS

REFERENCES -

1. J. H. Jacob and J. A. Mangano, Appl. Phys. Lett., 28, 724 (1976). .

2. W. H. Long, Jr., Appl. Phys. Lett., 31, 391 (1977).

$

3. T. H. Johnson, L. J. Palumbo, and A. M. Hunter, II, IEEE J. Quantum

Electron., QE-15, 289 (1979).

4. C. W. Werner, E. V. George, P. W. Hoff, and C. K. Rhodes, IEEE J. quantum

Electron., E-13, 769 (1977).

5. L. A. Levin, S. E. Moody, E. L. Klosterman, R. E. Center, and

J. J. Ewing, IEEE J. Quantum Electron., QE-17, 2282 (1981).

6. F. Kannari, A. Suda, M. Obara, and T. Fujioka, IEEE J. Quantum Electron.,

,E-19, 1587 (1983).

7. F. Kannari, M. Obara, and T. Fujioka, J. Appl. Phys•, 57, 4309 (1985).

8. K. S. Jancaitis, Lawrence Livermore National Laboratory, UCRL-53465, 1983

(unpublished).

9. C. J. Elliott and A. E. Greene, J. Appl. Phys., 47, 2946 (1976).

• •, A

10

% %



- . . . -r -,U

10. J. Bretagne, G. Delouya, J. Godart, and V. Puech, J. Phys. D:Appl, Phys., .:

14, 1225 (1981).

11. J. Bretagne, J. Godart, and V. Puech, J. Phys. D:Appl. Phys., 15, 2205

(1982).•::--

12. S. D. Rockwood, Phys. Rev., A8, 2348 (1973). S

U'4%.

13. Z. Rozenberg, M. Lando, and M. Rokni, Phys. Rev. A, 35, 4151 (1987).

14. F. Kannari and W. D. Kimura, "High-Energy Electron Distribution in

Electron-Beam Excited Ar/Kr and Ne/Xe Mixtures," submitted to Journal of

5, Applied Physics, Ms. #R-1327. S

15. A. E. S. Green and T. Sawada, J., Atm. Terr. Phys., 34, 1719 (1972).

16. D. K. Davis (private communication).

17. W. Domcke and C. Mundel, J. Phys. B: At. Mol. Phys., 18, 4491 (1985).

18. W. D. Kimura, D. R. Guyer, S. E. Moody, J. F. Seamans, and D. H. Ford,

Appl. Phys. Lett., 49, 1569 (1986). •

*5 o

-Z S0 F

%. .



V'-

FIGURE CAPTIONS -

Fig. 1. Temporal evolution of the low-energy electron distribution function

calculated for a mixture of Ne/Xe/HCl = 2980/15/4.8 Torr by solving

the time-dependent Boltzmann equation together with a full kinetics

model. The excitation rate is ;250 kW/cm3 and the e-beam pulse width

is 500 ns (FWHM). The distribution functions between 100 ns and

560 ns are approximately same as the one at 100 ns.

Fig. 2. Steady state low-energy electron energy distribution functions as a

function of e-beam excitation rate for a mixture of Ne/Xe/HCl =

2980/15/4.8 Torr. (a) Electron-electron collisions included. (b) '9P

Electron-electron collisions excluded.

Fig. 3. Steady state low-energy electron energy distribution functions as a .

C~p function of HCl concentration. The mixture contains 0.5% Xe with the

3.balance Ne to 3000 Torr. The e-beam excitation rate is 200 kW/cm 3.

Electron-electron collisions are included. S
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